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NOTES ON THE ORGANIZATION OF NDRC

The duties of the National Defense Research Committee
were (1) to recommend to the Director of OSRD suitable
projects and research programs on the instrumentalities of
warfare, together with contract facilities for carrying out
these projects and programs, and (2) to administer the tech-
nical and scientific work of the contracts. More specifically,
NDRC functioned by initiating research projects on re-
quests from the Army or the Navy, or on requests from an
allied government transmitted through the Liaison Office
of OSRD, or on its own considered initiative as a result of
the experience of its members. Proposals prepared by the
Division, Panel, or Committee for research contracts for
performance of the work involved in such projects were
first reviewed by NDRC, and if approved, recommended to
the Director of OSRD. Upon approval of a proposal by the
Director, a contract permitting maximum flexibility of
scientific effort was arranged. The business aspects of the
contract, including such matters as materials, clearances,
vouchers, patents, priorities, legal matters, and adniinistra-
tion of patent matters were handled by the Executive Sec-
retary of OSRD.

Originally NDRC administered its work through five
divisions, each headed by one of the NDRC members.
These were:

Division A — Armor and Ordnance

Division B— Bombs, Fuels, Gases, & Chemical Problems
Division C—Communication and Transportation
Division D — Detection, Controls, and Instruments
Division E — Patents and Inventions

In a reorganization in the fall of 1942, twenty-three ad-
ministrative divisions, panels, or committees were created,
each with a chicf sclected on the basis of his outstanding
work in the particular field. The NDRC members then be-
came a reviewing and advisory group to the Director of
OSRD. The final organization was as follows:

Division 1 — Ballistic Research
Division 2 —Eflccts of Impact and Explosion
Division 8 —Rocket Ordnance
Division 4 — Ordnance Accessories
Division 5 — New Missiles

Division 6 —Sub-Surface Warfare
Division 7 — Firc Control

Division 8 —Explosives

Division 9— Chemistry

Division 10 — Absorbents and Aerosols
Division 11 ~ Chemical Engineering
Division 12 — Transportation

Division 13 -~ Electrical (.ommunication
Division 14 — Radar

Division 15 — Radio Coordination
Division 16 — Optics and Camouflage
Division 17 —Physics

Division 18 — War Metallurgy

Division 19 -~ Miscellancous

Applied Mathematics Panel

Applicd Psychology Pancl

Commiittee on Propagation

Tropical Deterioration Administrative Committee
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NDRC FOREWORD

s EVENTs of the years preceding 1940 revealed more
Aand more clearly the seriousness of the world situ-
ation, many scientists in this country came to realize
the need of organizing scientific research for service
in a national emergency. Recommendations whicl
thicy made t the Whitc House were given careful and
sympathetic attention, and as a result the National
Defense Research Committee [NDRC] was formed
by Executive Order of the President in the summer of
1940. The members of NDRC, appointed by the
President, were instructed to supplement the work of
the Army and the Navy in the development of the
instrumentalities of war. A year later, upon the estab-
lishment of the Office of Scientific Research and De-
velopment [OSRD], NDRC became one of its units.

The Summary Technical Report of NDRC is a
conscientious effort on the part of NDRC to sum-
marize and evaluate its work and to present it in a
useful and permanent form. It comprises some sev-
enty volumes broken into groups corresponding to
Hie NDIUC Trsisiors, Parels, =ad Cvnnninees

The Summary Technical Report of each Division,
Panei, or Committee is an integral survey of the work
of that group. The first volume of each group’s report
contains a summary of the report, stating the prob-
lems presented and the philosophy of attacking them
and summarizing the results of the research, devel-
opment, and training activities undertaken. Some
volymes may be “state of the art” treatises covering
subjects to which various research groups have con-
tributed information. Others may contain descrip-
tions of devices developed in the laboratories. A
master index of all these divisional, panel, and com-
mittee reports which together constitute the Sum-
mary Technical Report of NDRC is contained in a
scparate volume, which also includes the index of a
isiden Bl seweea A.l.'l:‘l b e Pivditad  Dalscrmerg
reports and reference material.

Some of the NDRC-sponsored researches which
had been declassified by the end of 1945 were of suffi-
cient popular interest that it was found desirable to
report them in the form of monographs, such as the
series on radar by Division 14 and the monograph on
sampling inspection by the Applied Mathematics
Panel. Since the material treated in them is not dupli-
cated in the Summary Technical Report of NDRC,

CONFIDENTIAL

the monographs are an important part of the story of
these aspects of NDRC research. -

In contrast to the information on radar, which is of
widespread interest and much of which is released to
the public, the research on subsurface warfare is
largely classificd and is of general dnterestto a mor
restricted group. As a consequence, the report of
Division 6 is found almost entirely in its Summary
Technical Report, which runs to over twenty vol-
umes. The extent of the work of a Division cannot
therefore be judged solely by the number of volumes
devoted to it in the Summary Technical Report of
NDRC: account must be taken of the monographs
and available reports published elsewhere.

Any great cooperative endeavor must stand or fall
with the will and integrity of the men engaged in it.
This fact held true for NDRC from its inception, and
for Division 6 under the leadership of Dr. John T.
Tate. To Dr. Tate and the men who worked with
him—some as members of Division 6, some as repre-
semtatiem of the Divson’s cuntract m—iclongs th
sincere gratitude of the Nation for a difficult and
often dangerous job well done. Their efforts contrib-
uted significantly to the outcome of our naval opera-
tions during the war and richly deserved the warm
response they received from the Navy. In addition,
their contributions to the knowledge of the ocean
and to the art of oceanographic research will assur-
edly sy eed peacetime investigations in this field and
bring rich benefits to all mankind.

The Summary Technical Report of Division 6,
prepared under the direction of the Division Chief
and authorized by him for publication, not only pre-
sents the methods and results of widely varied re-
search and development programs but is essentially a
record of the unstinted loyal cooperation of able men
linked in a common effort to contribute o the de-
fense of their Nation. To them all we extend our
deep appreciation.

VAaNNEVAR BusH, Director
Office of Scientific Research and Development

J. B. Conanr, Chairman
. National Defense Research Commiitee
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MPROVEMENT of performance in many operations
carried out by Service personnel may be brought
about through an understanding of the physieal fae
tors involved and by a scientific analysis of the opera-
tion. How true this is in the important operation of
diving a submarine is illustrated in this report.
This report summarizes an applied research proj-
ect conducted by the staff of the Woods Hole Oceano-

,graph e Trstissicn in sl olos: eoopirron wirk

the Navy that it may most accurately be described as
a joint Navy-NDRC project, The Division is deeply
appreciative of the facilities for experimentation pro-
vided by the Navy and for the opportunities given for
the observation of operations which were made freely

available to the staff of the Institution. In particular,
the Division is greatly indebted to Dr. A. C. Redfield
of the Wouds Hole statf, who undertook the prepara:
tion of this report.

Undoubtedly, as the design of submarines is modi-
fied and as further studies of oceanographic condi-
tions provide additional data, the operating practices
will require modification. This report, however, em-
plussises Dnryoon ol gonrst epplieabling s diseusson
methods which may be employed in an even more
refined analysis of the operations here discussed,

Joun T. TaTe
Chief, Division 6
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PREFACE

THE PRIMARY aim of this volume is to clarify the
problems encountered in diving = submarine. In
the early days of submarine operation, the ballast ad-
justments were made mainly by feel and by accumu-
lated experience. Gradually diving officers came to
realize that relatively large changes in the Jensity of
the water with depth would sometimes be encoun-
tered. Lacking contact with oceanography, however,
they R 10t seppuse that such corrlitions srere (-
dictable or could in any way be charted. The possi-
bility of encountering unexpectedly marked density
changes made it advisable to be somewhat cautious in
diving through a considerable depth range.

Once it was realized that the distribution of tem-
perature and salinity in the sea directly aflected sub-

marinediving operations, measurements of the effects
and the charting of the available oceanographic data
in a form convenient to the diving officer were under-
taken. During the war period most of the studies of
the performance of submerged submarines and of the
compressibility of their hulle Had to be carried out
during the course of training activities. The precision
and completeness of the data presented in this vol-
uie thoreluse, bedie toued 80 be d
officers have found, however, that even rough meas-
ureinents and a general understanding of the factors
influencing the distribution of density in the sea can
be helpful.

u"u' Pidadin >
(=)

A. C. REDFIELD
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Chapter 1
INTRODUCTION

HEN A SUBMARINE is at the surface, its weight is

supported in part by the displacement of the
main ballast tanks which are filled with air. Wher it
submerges, these tanks are filled with water and no
longer have a buoyant effect. It is then essential that
the weight of the vessel be very nearly equal 1o that of
the water which it displaces. Only under this condi-
tion can its depth be'controlled by adjustments of the
angles of the diving planes and of the hull.

Fine adjustments in weight are made by changing
the quantity of water in the auxiliary or other vari-
able ballast tanks, and when this is satisfactorily se-

complished the submarine is said to be i trim.

The basic condition for submarine operation is a
T prerise ¥io
return to the surface merely by refilling the main bal-
last tanks with air. This is an “all or none” operation
requiritig no eareful adjustmet sitce relatively large
variations in buoyancy are tolerable in the surfaced
vessel. So long as it remains submerged, however,
tticg oot B sdlinserd to the end that the buorancy
forces may be kept within the control of the dynamic
forces arising from the diving planes as the vessel
moves through the water.

Tf thie subniarine Lhausu its J\:lltf} .,utstaﬂtiauy,
an adjustment in trim is required for several reasons.
As the depth increascs, the pressure due to the over-
lying water compresses the hull, anid since its displace-
ment is decreased, it becomes less buoyant. The in-
crease in pressnce with depth also (.ompresscs the sea

serre o it pe depat it may

walil and thus ncdsts iv dutst ty. 1 IS Servos to i
crease the buoyancy of the submnarine, With subma-
rines of present construction the compression of the
huil exceeds the compression of sea waw: aud Jic
resultant effect of increasing depth is a decrease in
buoyancy.

Since the compression of sca water and the com-
pression of the hull are proportional to the depth, for
any particular submarine the adjustment in ballast
required to compensate for the change in buoyancy
with depth can be allowed for simply, if other condi-
tions affecting buoyancy are constant. Many diving
otficers have developed tules, based on dicis cxpuai-
ences, for the amount of ballast to be pu ped out on
descent. In practice, however, great uncertainty ac-

t

companies the use of such rules because the density of
the sea water in which the submarine may operate
frequently varies with depth.

If the temperature and salinity of sca water were
uniform throughout the depth of submergence, these
simple rules based on the compression effects would
be adequate for trim adJusunent. However, when the
temperature and salinity of the water change with
depth so as to increase substantially the density of the
deeper layers, the weight of the water displaced by a
descending submarine increases and the vessel be-
comay wure buovant. 1 the offects of rompression
were negligible, water would need to be flooded into
the auxiliary tanks until the weight of the vessel
il s inrmcesend wiiphrof the water it digalaced.

When the effects of compression and the presence
of a density gradient due to temperature or salinity
r[m"b-p-, are h;n\“lrnnpnnﬂly romsidered, the fresence
of the density gradient will always decrease the
amount of ballast water which must be pumped out
on account of comjiression. If the density gradient is
sufficiently strong, it will overbalance the effect of
compression, and water must be flooded in on descent
instead of being pumped out as required by the
‘,unnpfﬁﬂﬁ‘lub.

Submariners have long been aware that such den-
sity gradients cxist, for when strongly developed they
may retard the descent or ascent of the submarine.
Strong gradients of this sort are known in the Service
as density layers. Frequently, density layers are en-
cuatrtered stromg criotgh to perrtt Hat sdbromeling ve
float supported by the denser medium, or balance,
without using the planes to control depth. Forinerly,
Lilia thuancuver wad \i;h‘.\)ul dg(.\l i}\'_\,t—lh\)[ IJ{ i,il(, uliecs-
tainty of the operation when the hydrography of the
water is unknown.

Prior to 1943 submarines were not equipped with
instruments to inform the diving officer whether den-
sity gradients existed ini the water into which he sub-
merged. Adjustments in trim were made entirely by
trial. Under these conditions much time 1s wrequently
consumed in pumping and fluoding bailast before
iu lJl;i'.\...L;qu. CxCL
cises, when submarines may be controlled at high
speed by the use of the diving planes, regardless of

aiidlatidiy Lol 15 Ublatiicud.
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2 INTRODUCTION

exact adjustments of buoyancy, thesc difficulties were
relatively unimportant.

In wartime, the necessity for mancuvering rapidly
and silently becomes compelling. When submarines
are sent into unfamiliar waters and may need to sub-
merge in the greatest haste, delay in reaching the de-
sired depth results, and the pcriod of noisy operation
of the ballast pumps is prolongcd. The unccrtainty
of the operation must add greatly to the mental strain
of the men concerned. The magnitude of the uncer-
tainty is reflectcd in the report of a submarinc which,
early in the war, was on patrol in Japanese waters:

“Off Fuji Wan we encountered the heaviest density layer

for the cruise. At 160-foot depth it was necessary to flood

7,000 pounds to anxiliary instead of rem oving 7,000 pounds
as is customary—a total of 14,000 pounds difference.”

Since it may take as much as one minute to pump
1,000 pounds of ballast water out of the tanks, the
delays on encountering such a condition uvnex-
pectedly may be very great.

From the foregoing, it is apparent that to bring his
vessel into good trim at a desircd depth with the
greatest speed and precision, the diving officer should
know in advance the way in which-the buoyancy of
the water (density) will vary with depth. This infor-
mation niight be obtaincd from a suitable instrument
lowered from thc vessel, but it is more practical to
have the instrument carried down by the submarine,
since this not only permits information for subse-

quent use to be secured by an exploratory dive, but
also indicates the conditions which are being en-
countered while a dive is under way.

The submarine bathythermograph [BT] is an in-
strument which draws a graphic record of the tem-
perature of the sea water as a function of depth as the
submarine descends. The instrument was designed as
an aid in predicting sound ranges, but found almost
immediate application as an aid to the diving officer,
since the density gradients encountered in diving are
due very largely to changes in temperature with
depth. A more elaborate instrument, the Model
CX]JC, which measures the temperature and salinity
of the sea watcr and computes their effect on the
buoyancy of the submarinc is iGW being perfected.

The following chapter presents an account of the
various kinds of density gradients which occur in the
sea and a discussion of the conditions which bring
them about and the situations in which they are apt
to be encountered. The remainder of the volunie is
devoted to a discussion of the factors which influence
the buoyancy of submarines during submergence and
the use of bathythermographs in controlling diving
operatioris.

—-n'_l‘—t;f:—I)breviation BT is used because of its widespread
adoption by Navy and civilian personnel working with bathy-
thermographs. The author points out that this usage is nnéfh-
cial and does not have his backing. Bathythermograph is the

accepiable form bnt BT appears in this volume when used as an
adjective. )
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Chapter 2
DENSITY GRADIENTS IN THE SEA

THE GENERAL principles of oceanography and their
relation to naval problems is reviewed in Volume
6A, Division 6 of the Summary Technical Report.
The conditions which give rise to gradients of tem-
perature and salinity in various parts of the ocean are
discussed there in some detail. The relations of tem-
perature and salinity to density are of particular im-
portance to submarines since they determine the
buoyancy conditions encountered in diving. These
relationships are discussed in greater detail in this
chapter.

The true density of sea water, p, is influenced by
its temperature, its salinity, and the pressure under
which it exists. The increasing density of sea water
which results fromn compression with depth may be
disregarded in connection with the buoyancy of sub-
marines since it is taken into account in estimating
the apparent compression of the submarine’s hull.
The effective density of the sea water may be esti-
mated from its temperature and salinity, assuming it
to be under a pressure of one atmosphere, as at the
sea’s surface. This function of temperature and salin-
ity is represented by p,. The term density will be
used to refer to this function.?

A change in density of 0.001 changes the buoyancy
of a flect-type submarine by approximately 5,400
pounds. The effect of a change in temperature on the
density of sea water and on the resulting buoyancy
of such a submarine varies with the temperature of
the water, as shown in Figure 1. A change in salinity
of one part per thousand changes the density by
0.00078 and alters the buoyancy of such a submarine
by 4,200 pounds. The effects of salinity and tempera-
ture are additive. These and other quantitative rela-
tions are considered in greater detail in Chapter 4.

The temperature of the sea’s surface and its fresh
water tributaries range from 28 to 90 ¥, depending on
latitude and season. The salinity may liec anywhere
between 0 and 40 parts per thousand. The changes in

@ The density funetion p,, is expressed in grams per cuhic
centimeter. In oecanography the spécific gravity of sea water is
defined relative ‘o pure water at 4 C. Consequently the numeri-
cal values of density and speeifie gravity are the same and values
of p, may be used to express specifie gravity. This is done in the

practical solution of buoyancy problems as explained in Chap-

ter 4.
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density which result from such variations in tempera-
ture and salinity, and their estimated effects on the
buoyancy of a submerged submarine of 2,400 tons
displacement are as follows:

Resulting Resulting
Limits of density huoyancy
variation change change
Temperature 28-90 F 0.0072 39,000 pounds
Salinity 0-40°/y, 0.0312 168,000 pounds
Total 0.0384 207,000 pounds

Since changes of this magnitude are not likely to be
encountered at any one time or place, the figures are
of interest only in showing the magnitude of the com-
pensation which a submarine must be designed to
make on this account, and in indicating the range of
conditions to which density recording devices should
be adapted.

Except where wind, tide, and other currentslead to
violent mixing, the temperature and salinity of sea

1.026 S\
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Figure 1. Effeet of temperature on the density of sea
water having a salinity of 85 °/,, and corresponding effeet
on buoyancy of a submarine of 2400 tons submerged
displacement.




4 DENSITY GRADIENTS IN THE SEA

water at any one place is far from uniform. Exchanges
of heat take place through the sea’s surface and addi-
tions or losses in water also occur at the surface
through precipitation and evaporation. Comnse-
quently, temperature and salinity and the resulting
density frequently change with depth. On the other
hand, water of a given density tends to seek its own
level and to spread uniformly for relatively great dis-
tances in a horizontal direction. Consequently, the
sea has a stratified structure, composed of horizontal
layers of different quality lying one upon another.

The maximum change in temperature and salinity
which a submarine is likcly to encounter in a single
dive from periscope depth and the related density
and buoyancy changes arc about as follows:

Resulting Resulting
Maximimn density buoyancy
change change change
‘Temperature 30F 0.00420 22,600 pounds
Salinity 2.5%/ w0 0.00195 10,500 pounds
Total 0.00615 38,100 pounds

These figures bring out the fact that under extreme
conditions salinity changes are responsible for only
about one-third of the density change likely to be
encountered.

The estimate of the maximum likely buoyancy
changc given above exceeds somewhat the maximum

‘figure recorded by American submarines operating

in the Pacific war area which is about 26,000 pounds.
The frequency with which different amounts of bal-
last have been actually pumped out or flooded in, in
the course of deep dives while in service under recent
wartime conditions, is indicated by Figure 2. This
histogram is based on notations on bathythermo-
graph cards returned by 49 submarines and repre-
sents the record of 336 dives made in the course of
training, in transit to patrol areas, and while on
patrol in the western Pacific Ocean.

While the ballast pumped on descent rarely ex-
ceeds 4,000 pounds it is not uncommon to flood 8,000
to 10,000 pounds and occasionally much larger ad-
justments are made. In Figure 2 the class in which
the ballast change was plus or minus 500 pounds was
composed largely of dives in which there was no
change of ballast. This class is of exceptional size and
the two adjacent classes are of relative deficiency
because small maladjustments of trim are frequently
disregarded in diving, and no change in ballast is

NUMBER OF CASES

BALLAST CHANGE I[N
THOUSANDS OF POUNDS

Ticure 2. Frequency distribution of ballast changes made
in deep dives by fleet-type submarines in service.

ordinarily made unless the net buoyancy becomes
more than one or two thousand pounds.

21 STABILITY OF THE WATER COLUMN

Layers of sea water of higher density cannot exist
long above layers of lower density since, being
heavier, they sink through the lighter layers and mix
with them. When conditions arise which increase the
density of the surface layers of the sea, such as cooling
in the fall of the year or rapid evaporation, mixing
processes are set up which tend to bring the surface
layers to a condition of homogeneous temperature
and salinity. Negative density gradients cannot exist
permanently in the sea because the condition is
unstable.

On the other hand, if the density of the surface
waters is less than that of the deeper layers a stable
condition exists which tends to be permanent. Work
nust be done to cause the lighter layers to mix with
‘those beneath and thus the mixing action of wind
and tide are retarded. When conditions are favorable
for the formation of stable conditions, such as the

CONFIDENTIAL
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MIXED WATER 5

warming of the surface waters in early summer, the
condition not only persists, but increases because the
surface layers are kept from mixing with those be-
neath and the heat absorbed from the sun and the
acquisitions of fresh water from rainfall remain con-
centrated in the upper layers.

The compression of the water with depth does not
influence the stability of the water column. Within
such depths as are reached by submarines, the con-
tribution of temperature and salinity to density, p,,,
alone need to be taken into account in determining
stability. Stability is defined as the rate of change of
density with depth or by dp,,/dZ where Z is the
depth. Negative values of stability are highly excep-
tional and cannot exist except as the result of very
active processes.

22 MIiXED WATER

Wherever the forces of wind, tide, and current are
strong enough to overcome the influences which lead
to stable stratification, the sea water becomes thor-
oughly mixed. The completeness of the process is in-
dicated by the uniformity of the temperature, and
such water is frequently referred to as isothermal.
'The thorough mixing indicated by the uniform tem-
perature usually may be assumed to produce a uni-
form distribution of salinity. Consequently, isother-
mal water is generally devoid of density gradients.

Shallow isothermal layers exist very generally at
the iminediate sea surface where wave action mixes

the water. Layers extending deep enough to influ-
ence submarine operation are more restricted. In the
tropical and subtropical oceans deep isothermal layers
of warm water occur at the surface which, in the trade
wind belts, may extend to three or four hundred feet
in depth. In temperate regions the upper layers of the
sea are thermally stratified during the summer season,
but as the solar radiation weakens in the fall the mix-
ing processes prevail and the mixed layer at the sur-
face grows in depth until it extends by midwinter to
300 feet or more below the surface. The seasonal
change in the depth of the mixed water in the North
Atlantic in the vicinity of Bermuda is shown in Fig-
ure 3.

One situation exists in which density gradients may
occur in water which is practically isothermal. In
the wet tropics the sea surface may obtain additions
of fresh water which are of nearly the same tempera-
ture as the sea water. A salinity gradient consequently
develops near the surface. Figure 4 illustrates such a
condition which has been observed off the west coast
of Africa. Although the water was essentially of uni-
form temperature to a depth of 150 feet a salinity
gradient occurred above this depth which increased
the density by an amount which would alter the buoy-
ancy of a submarine by 7,500 pounds in the course of
a dive to the lower limit of the isothermal layer.
Similar conditions have been observed in the south-
western Pacific Ocean,

It is possible that a similar situation may arise
along the coasts of temperate regions during early
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Ficure 3. Distribution of temperature in the upper layers of the North Atlantic Ocean, in neighborhood of Bermuda

throughout the year.
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6 DENSITY GRADIENTS IN THE SEA
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¥icure 4. Distribution of temperature, salinity, and deusity in the upper layers of the Atlantic Ocean at 5° 36’ N,
23° 25" W. Ap, shows effect of the temperature gradient, A p, the effect of the salinity gradient, and Ap,, their com-
bined effect on density. The corresponding effect on the buoyancy of a submerged submarine of 2,400 tons displace-
ment is shown, in thousands of pounds, on the scale marked Buoyancy Change.

spring wherever melting snows bring large quantities

of fresh water at nearly freczing temperature into the
sea when its temperature also is near freezing point.
However, such situations would be very local and
temporary and the density gradients produced would
probably be too near the surface to affect diving
operations.

Except in these rather limited situations, compres-
sion with depth alone need be considered when a
submarine dives in isothermal water.

2.3 NEGATIVE TEMPERATURE
GRADIENTS

Sea water is usually warmer at the surface than at
some greater depth. The layer of water in which tem-
perature decreases sharply with depth is called the
thermocline. The strong density layers encountered
by submarines are commonly due'to the negative tem-
perature gradients encountered in passing through a
thermocline.
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Ficure 5. Distribution of temperaturé in the upper layers of the Gulf of Maine throughout the year,
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NEGATIVE TEMPERATURE GRADIENTS
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FIGURE 6. Exceptionally strong negative temperature
gradient recorded by bathythermograph of a U. S. sub-
marine in the Yellow Sea in September.

Negative temperature gradients arise in two ways;
first; the warming of the surface by the sun, and sec-
ond, the flow of warm water layers over colder masses
of water as the result of currents.

In temperate latitudes, where the sea is uniformly
chilled in the winter, strong temperature gradients of
the first type develop each summer. Their develop-
ment runs a characteristic course illustrated in Figure
5, the gradients becoming stronger as the season ad-
vances and never extending very deep. With the cool-
ing of the surface water in the fall the gradient is
rather abruptly destroyed and becomes deeper as this
takes place.

Shallow gradients are particularly well developed
along the eastern coasis of Asia and North America.
The density layers which they produce along the
New England coast in summer are familiar to Ameri-
can submariners. Figure 6 illustrates an exceptionally
strong gradient of this sort recorded by a submarine
operating in the Yellow Sea in September. It was
necessary to flood 20,000 pounds of ballast to pene-
trate below this layer.

The second general type of temperature gradient
arises from the circumstance that the basins of the
ocean are everywhere filled with cold water. This is
water which has been chilled and sunk in high Iati-
tudes. In tropical and subtropical regions the surface
water is warmed, frequently to about the temperature
of the air. The warm layer is always relatively thick,
is usually thoroughly mixed, and often extends to
greater depths than are reached in submarine opera-
tions. The temperature gradients marking the transi-
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Ficure 7. A deep-lying negative temperature gradient
recorded by bathythermograph of a U. S. submarine in
the Japan Current. .

tion are much less 'abrupt than those found in the

shallow summer thermoclines and usually extend
downward for several hundred feet, to beyond the
limits reached in diving. The thickness of the warm
surface layer depends very much on the local char-
acter of the ocean currents. In areas toward which the
surface waters move (convergences) the warm layer
becomes very thick. In areas away from which the
surface water is carried by its motion the temperature
gradient approaches much closer to the surface.

It may be seen that the two types of temperature
gradient which have been described depend on the
nature of the climate in which they are established.
Wherever cold water is becoming warmer, either be-
cause of a change in season or becausc of the flow of
water to warmer regions a shallow gradient, often of
great strength, results. The increasing stability of the
water as it warms does not permit the water to warm
to great depths. Cold currents consequently are char-
acterized by strong shallow temperature gradients.
Wherever the dimate is warm throughout the year
the surface water is heated to considerable depths. If
such water is carried to cooler regions in the course of
its circulation, heat is lost from the surface. Cooling
the surface creates an unstable condition which leads
to thorough mixing. The layer of mixed water above
the temperature gradicnt remains thick or is thick-
ened in the process. Warm currents consequently are
characterized by deep-lying temperature gradients.
An example recorded from the Kuroshio Current o
Japan is illustrated in Figure 7. ‘

It should be unnecessary to point out that in many
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8 DENS{TY GRADIENTS IN THE SEA

regions much more complicated temperature pzt-
terns are found. These arise from the mixing of di-
verse waters particularly at the junction of currents.
However, the two types of temperature gradient de-
scribed are characteristic of large portions of the sea
and the more complicated patterns are usually to be
derived from them.

24 SALINITY GRADIENTS

Salinity gradients arise from (1) the dilution of the
surface by rainfall, melting ice, and the run-off from
the land, (2) evaporation of water from the sea’s sur-
face, and (3) the flow of waters of different salinity
over one another as theresult of ocean currents.

In temperate regions there is usually an excess of
rainfall over evaporation and consequently positive
salinity gradients tend to develop bencath the sea’s
surface. Along the coasts of such regions the outflow
fromrivers very greatly augments this effect and sub-
stantial density gradients result from the dilution of
the upper layers of water. It follows that the shallow
temperature gradients characteristic of temperate re-
gions in summer are accompanied by salinity gradi-
ents. These gradients are particularly strong in
coastal regions. Both kinds of gradient cause the

TEMPERATURE — °F SALINITY — %
30 40 50 80 70 3 32

water to be more dense as depth increases, that is, they
supplement one another in developing the stability
of the water column.

It may be observed from Figure 8, which shows the
gradient of temperature, salinity, and resulting den-
sity in a situation of this sort, that the gradients of
temperature and salinity very closely coincide in
depth. This arises becanse the surface waters are pre-
vented from mixing with the deeper waters by the
sharp density gradient while both above and below
the water mixes more freely. Both gradients consc-
quently tend to develop in the same relation to the
resulting density pattern. During the winter when
the disappearance of the temperature gradient de-
creases the stability of the water, the mixing which
results destroys the salinity gradient also. In spring
the melting of snows and the rainfall characteristic
of the season leads to the early development of the
salinity gradient. This becomes relatively less impor-
tant than the temperature gradient in determining
the density distribution as the summer season ad-
vances.

In warm oceanic areas salinity gradients are less
pronounced and thus of minor importance in deter-
mining the density distribution in the upper layers of
the sea. In substantial areas of small rainfall in the
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Fieure 8: Distribution of temperature, salinity, and density in the upper layers of the Gulf of Maine at 42° 55’ N,
70° 15" W in September. Ap, shows the effect of the temperature gradient, Ap, the effect of the salinity gradient,
and Ap,, their combined effect on density. The corresponding influence on tbe buoyancy of a submerged submarine
0f 2,400 tons displacement is shown, in thousands of pounds, on the scale marked Buoyancy Change.
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FiGURE 9. Ocean areas where salinity gradients may be expected to influence submarines when diving.

subtropics evaporation exceeds precipitation and the
most saline water is found at the surface. Such salinity
gradients in the surface layers are small and may be
associated with similarly small positive temperature
gradients with the result that the density of the water
column is nearly uniform. In the wet tropics, on the
other hand, rainfall may very substantially reduce the
salinity of the surface lavers with the result that
strong gradients of density are produced. The density
layers familiar to submariners operating in the Gulf
of Panama are due in part to this. Similar situations
are encountered off the west coast of Africaand in the
East Indies.

In general, it may be said that salinity gradients
play a minor role in producing density gradients large
enough to affect submarine operations in the greater

part of the open oceans. Along the coasts of temperate
regions in the spring and summer and in the wet
tropics substantial density gradients result from re-
duction of the salinity of the surface layers. The areas
in which salinity changes are known to occur which
produce gradients in density of as much as 0.691
within 300 feet of the surface are shown in Figure 9.
Within these areas ballast adjustment of as much as
6,000 pounds may be required in diving for this cause
alone.

25 SALINITY GRADIENTS NEAR RIVER
MOUTHS
The fresh water flowing from the mouths of rivers

tends to flow over the surface of the sea water, some-
times for very great distances. The strong density
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Fiure 19. Effect of temperature and salinity gradients on density in the upper layers of the Atlantic off the Amazon
River at 3° 10’ N, 49° 29° W. Ap, shows the effect of the temperature gradient, Ap, the effect of the salinity grad-
ient, and Ap,, their combined effect. The resulting influence on the buoyancy of a submerged submarine of 2,400

tons displacement is shown on the lower scale.
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10 DENSITY GRADIENTS IN THE SEA

gradients which arise in this way are, however, very
shallow and usually do not extend deep enough to
affect submarine operations at or below periscope
depth as much as might be expected from the reduced
density of the surface. This fact is illustrated by Fig-
ure 10, which shows the gradients occasioned by the
outflow of the Amazon.

Since cwrrents must flow parallel to coasts, the
water of reduced salinity whick is formed near the
mouths of rivers tends to spread along the coast in-
stead of flowing out to sea. Continuous bands of
water of low salinity are consequently formed along
coasts in areas of adequate rainfall.

2.6 POSITIVE TEMPERATURE
GRADIENTS

A positive temperature gradient cannot persist un-
less accompanied by a positive salinity gradient. This
is because in the absence of a salinity gradient the
water column will be unstable if the upper layers are
colder and thus more dense than those below. The
salinity gradient must increase the density with depth
at least as much as the positive temperature gradient
decreases it if an unstable condition is to be avoided.

Rather weak positive temperature gradients may
be produced by the cooling of the surface during the
fall and winter in temperate regions when salinity
gradients are present. These effects are not large and

SALNITY— %

are too near the surface to concern submarines in
diving. More extensive positive gradients at greater
depths may be formed by the flow of layers of colder
water of relatively low salinity over warmer water of
higher salinity at greater depth. The loeations at
which this situation occurs are limited but happen to
be frequented by submarines.

An example of such a situation is found-off the
coast of southern New England in areas visited by
American submarines for purposes of test and train-
ing. Near the margin of the continental shelf the
coastal water tends to flow out over the deeper
oceanic water. The coastal water is much less saline
than oceanic water and a pronounced salinity grad-
ient is formed at a depth of 150 to 250 fect. During
the winter the coastal water becomes much colder
than the deeper layers so that a positive temperature
gradient is formed. Although this cooling increases
the density of the upper layer the water colunin re-
mains stable since the salinity gradient more than
compensates for the effect of the temperature grad-
ient. The situation is illustrated by Figure 11 which
shows the conditions encountered by a submarine in
April. The temperature increased 10 F between 150
and 275 {eet, yet the density increased 0.0006 in the
same depths because of an increase in salinity at the
greater depths of 1.99/y,. The subniarine was able
to float balanced in the density gradient at 210 feet in
spite of the strong positive temperature gradient.
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Ficure 11. Distribution of temperature, salinity, and density in the upper layers of the Atlantic Ocean near the west-
ern margin of the Gulf Stream (40° 14’ N, 70° 56’ W). Ap, shows effect of the temperature gradient, Ap, the effect
of the salinity gradient, and Ap,, their combined effect on density. The corresponding influence on the buoyancy of
a submerged submarine of 2,400 tons displacemeunt is shown. in thousands of pounds, on the scale marked Buoyancy

Change.
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27 INTERNAL WAVES

Where gradients of temperature or salinity occur
in the ocean giving rise to changes in density with
depth, it has frequently been observed that the layers
of water are in vertical oscillation. These internal
waves vary greatly in period and amplitude depend-
ing on circumstances. The waves most frequently ob-
served in density gradients within the operating
depths of submarines have periods of 10 or 15 min-
utes. Waves of longer period, from 2 to 12 hours, have
also been recorded, the latter apparently being re-
lated to the tidal rhythm. The amplitude of the waves
is variable. The short-period waves may have ampli-
tudes of 10 to 16 feet; amplitudes as great as 45 to 60
feet have been recorded for the long-period waves.

Internal waves introduce uncertainty into sub-
marine operations in two ways. The passage of a
wave during deep submergence may cause quite dif-
ferent ballast adjustments to berequired onrcturning
to a given depth within the density gradient than
were anticipated from conditions encountered during
the preceding descent. Very frequently bathyther-
mograph records on ascent show a quite different
trace from that obtained in descent owing to the ver-
tical displacement of the water layers of different
temperatures. Figure 12 illustrates a tracing of this
character.

A submarine operating in a density layer in which
internal waves occur will tend to rise and sink with
the wave. This behavior is illustrated in Figure 13
which shows the changes in depth of a submarine
while balanced motionless in a density layer off Ports-
mouth, New Hampshire. The submarine rose and fell
with a fairly regular rhythm of period of about 15
minutes. The cliange in depth varied from 8 to 14
feet and the maximumn rate of rise or fall was 2 feet
per minute. The observations lasted for over an hour
during which time the temperature of water samples
drawn from the sea did not vary more than 1 F. Since
the submarine lay in a temperature gradient of 0.5 F
per foot, it was evident that the entire water mass
was rising and falling carrying tlie vessel with it.
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Ficure 12, Displacement of the temperature trace attrib-
uted to the passage of an internal wave during the period
of deep submergence, recorded by bathythermograph of
U. S. submarine.

When internal waves of this sort are preser:t it is
more difficult ro maintain constant depth without
continual adjustment of diving planes or ballast.
T his is a serious disadvantage if it occurs while depths
suitabie for using the periscope must be maintained.
During deep submergence when exact depth control
is less important, the change in depth due to internal
waves may not be inconvenient and the submarine
may be allowed to rise and fall with the oscillation of
the water,
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Figure 13. Changes in keel depth of a submarine bal-
anced in a density gradient showing vertical oscillation
due to the passage of internal waves.
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Chapter 3

THEORY OF TRiM ADJUSTMENT IN DIVING

Ll BUOYANCY

THE NET buoyancy of a submerged vessel is the dif-
ference between the weight of the water which is
displaced and the weight of the vessel. Net buoyancy;
B, may be defined by the equation:

B=pl—MW, 1)

in which p = density of the water,

¥ = volume of water displaced by the ves-
sel, and

W = weight of the vessel.

Net buoyancy is positive when the displaced weight
of water is greater than the weight of the vessel. In
this case the vessel tends to rise. Net buoyancy is nega-
tive when the weight of the displaced water is less
than the weight of the vessel, and in this case the ves-
sel tends ‘to sink. If the displaced weight of water
equals the weight of the vessel net buoyancy is zero,
and buoyancy is said to be neutral. The vessel tends
neither to rise nor sink.

Buoyancy forces are static and dcfine the behavior
of a motionless vessel. In the case of a moving sub-
marine vertical forces arise from the hull form, its
fore and aft inclination, and the “lift” of the diving
planes. These forces increase with speed and make it
possible to control the depth in the prescnce of con-
siderable positive or negative buoyancy. The word
buoyancy is frequently applied to the buoyant force?
due to the displaced water.

a'The buoyant force is referred to as pV in the present treat-
ment. Since it is convenient to break this term down into
several components in the discussion of submarine problems,
this restricted nse of the word is abandoned and buoyancy is
used in place of net buoyancy whenever uo ambiguity is in-
volved. The term p¥ will be referred to as the weight displace-
ment.

In the present chapter, net buoyancy and weight are assumed
to be measured in grams and volume in cuhic centimeters. This
avoids the necessity for introducing dimensional constants into
the fundamental equations. Conversion (o the practical units
employed in naval architecture and marine engineering are dis-
cussed in Chapter 4.

3.2 EFFECT OF CHANGE IN DEPTH

If the submarine dives to a different depth the
change in depth is attended with the following
changes:

AB = change in net buoyancy,

AV = change in volume displacement due to
compression of the hull with depth,

.

Ap = change in density of the sea water,

AW = change in weight due to ballast adjust-
ments or any cther cause.

The relation of these changes for any change in
depth, Z, may be derived from equation (1) and are as
follows:

AB = pAV + Vap —AIV. )

Ap is the sum of two quantities, Ap. and Apy, which
may be defined as follows:

Ap. = change in density of sca water due tc
comipression with depth.

Apy, = change in density of sea water due to
changes in temperature and salinity.

VAp may consequenily be written ¥ Ap, + VAp:,
and equation (2) becomes:

AB = pAV + FAp, + Vap, — AW. 3)

The first two terms of this equation represent re-
spectively the effect on the nct buoyancy of compres-
sion of the hull and of sea water with depth. The
change in volume of the hull may be assumed to be a
linear function of depth. The change in density of sca
water is known to be essentially a linear function of
depth which amounts to 1.42x10—% gm per cu cm per
foot.

The total eflect of compression on net buoyancy is
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consequently a linear function of depth and may be
expressed by the term CAZ in which C is the coeffi-
cient of compression, i.c., of buoyancy change per
unit increase in depth. Hence, CAZ = pAV + VAp.
Substituting in equation (3)

AB = Vg +GAZ — aTF. 4)

This is the Fundamental equation for estimating
buoyancy changes in diving.

3.3 TRIM

Submariners cmploy the term trim to designate the
adjustment of buoyancy as required by the conditions
of operation.? Good trim at any stated speed may be
defined as the condition where the vessel may be held
at the desired depth with minimal adjustment of the
angle of hull and diving planes. The positive or nega-
tive buoyaucy which is consistent with good trim
decreases rapidly as speed is reduced and at 2 knots
is about 500 pounds. Stop trim is the condition ob-
tained when buoyancy is neutral and the submarine
holds its depth in the absence of the planing forces
dependent on motion.

In the case of a submarine in stop trim AB = 0 and
equation (4) becomes

AW = VAp, + CAZ. (5)

This is the fundamental equation for estimating bal-
last adjustments in diving.

In applying equation (5) it should be remembered
that cach terin represents an effect on net buoyancy.
The coefficiert of compression C is always negative
since the loss in buoyancy due to compression of the
hull of existing suhmarines is always greater than the
gain in buoyancy due to compression of sca water.
Consequently CAZ is 2 negative quantity on descent
and a positive quantity on ascent; Apg, may equal
zero or may increase with increasing depth. For hy-
drostatic reasons it never decreases with depth. Since
buoyancy increases in proportion to V, VAp, is a
positive number on descent and a negative number
on ascent, except when it equals zero.

» As employed here, trim refers specifically to what is more
exactly stated as overall trim and depends upon the total
weight of the submarine. Trim is also used to designate the dis-
tribution of weight relative to the center of buoyancy, e.g., to
the fore and aft trim.

The term AW is the change in weight required to
re-establish trim, that is, to nullify the buoyancy
changes due to the other terms. Consequently, when
buuyancy increases W must also increase. That is,
positive values of AW indicate ballast to be flooded
in; negative values of AW indicate ballast to be
pumped out.

The following rules may be deduced from equa-
tion (5) for predicting the nature of ballast adjust-
ments.

1. When Apy = 0

AW = CAZ.

Remembering that C is a negative nunber, ballast
must be pumped out on descent or flooded in on
ascent in proportion to the change in depth, if den-
sity gradients are not present.

2. When VAp;,> — CAZ

AW is positive on descent; negative on
ascent.

IE the density gradient has a larger effect on buoyancy
than the compression cffect baltast must be flooded
in on descent and pumped out on ascent.

3. When VAp,<— CAZ

AW is negative on descent; positive on
ascent.

If the density gradient has a smaller effect on buoy-
ancy than the compression cffect ballast must be
pumped out on descent and flooded in on ascent.

4. When VAp,, = — CAZ

AW = 0.

If the density gradient has an effect on buoyancy
equal to the effect of compression ».ith depth no bal-
last change is required in changing depth. This case
is known as the isoballast condition.

The quantitative solution of problems in ballast
adjustment requires the numerical evaluation of (1)
the coefficient of compression characteristic of the
vessel in question, and (2) observations on the density
of the water in which it is diving.
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Chapter 4
PRACTICAL UNITS AND RELATIONS

41 THE BALLAST CHANGE

HE BALLAST change, AW, is expressed as the

weight of water in pounds in conformity to sub-
marine practice. Ballast flooded is + AW; ballast
pumped is — AW.

4.2 THE DISPLACEMENT

In naval architeciure displacement is customarily
expressed as the weight of water displaced by the ves-
sel. In practical considerations of buoyancy it is con-
sequently convenient 1o redefine V as the weight dis-
placement of 1he vessel, insiead of as the volume dis-
placement as was done in the preceding chapter. If at
the same time p is redefined as the specific gravity of
the sea water, instead of the density, the term ¥p will
retain its original dimensions and the equations pre-
viously developed may be applied.

In oceanography the terin density is commonly
applied 1o the specific gravity of sea water relative 10
that of distilled water at 4 C. According 10 this con-
vention specific gravities (relative densities) and true
density (in grams per cubic centimeter) are numer-
ically equal, and the same values of p may be used
to represent either without numerical inconsistency.
The values of specific gravity according to this usage
are about 0.001 lower than those commonly employed
in naval architecture which are referred to the den-
sity of pure water at 60 F. Thus, weight displacement
is commonly estimated assuming the specific gravity
of sea water to be 1.025, which corresponds 1o a spe-
cific gravity, or density, of 1.024 according 10 oceano-
graphic usage.

It is often convenient when tabulating data 10 use
a special notation in which density, p, is expressed
by the symbol o which is defined in the following
manner:

a = (p — 1) 1,000.

Thus, if p = 1.0258, ¢ = 25.8. The markings of hy-
drometer scales are frequently abbreviated similarly.

The symbol o, is used to designate the o value of
a sample of sea water of some given temperature and
salinity when measured at atmospheric pressure. The

o, values correspond to p,, as used in equation (5) of
Chapter 3. These values do not 1ake account of the
effect of pressure at depth on the density of sea water
in situ.

The weight displacement is commonly stated in
tons, for which purpose ithe long 1on of 2,240 pounds
is employed. In considering submarine buoyancy
problems it is more cenvenient to express displace-
ment in pounds, since ballast changes are measured
in this unit.

For a modern fleet-type submarine the weight dis-
placement submerged is 2,400 1ons or V = 5.4 x 108
pounds.

4.3 THE EFFECT OF DENSITY
ON BUOYANCY

The effect of density on buoyancy, ¥V Ap,, is given
for a fleet-type submarine by: 5.4 x 10% x change in
density. It must be assumed that the layers of sea
water in which the displacement lies are uniform and
similar 1o the sample measured. Since this may not be
the case, samples should be drawn from near the level
of the center of buoyancy to secure the best repre-
sentative value.

4.4 RELATION OF SALINITY
TO DENSITY

Salinity is expressed as grams of salt per 1,000 grams
of sea water. The density of sea water is increased by
0.00078 when the salinity increases 1°/qo. An in-
crease of salinity of 19/, requires the flooding of
.00078 x 5.4 x 108 == 4,200 pounds of ballast. This re-
lation is sufficiently correct at temperatures between
30 and 90 F.

15 RELATION OF TEMPERATURE
TO DENSITY

The density of sea water decreases as the tempera-
ture increases. The curve describing this relation for
water of S = 859/, is shown in Figure 1 of Chapter
2. Within the range of salinity commonly encoun-
tered in the open sea, that is, 30 to 359/, the change
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RELATION OF COMPRESSION

OF SEA WATER TO DENSITY 15

in density produced by any change in temperatire
does not vary greatly with salinity. Consequently, the
curve in Figure 1 can be used to describe with suffi-
cient accuracy the relative buoyancy of a 2,400-ton
submarine when submerged in water of different tem-
perature but of any constant salinity above 30°/g,.

The following figures show the approximate effect
of an increase in temperature of 1 degree on the den-
sity of sea water and on the buoyancy of a submarine
of 2,400-ton submerged displacement in sea water of
35% /g9 salinity at characteristic temperatures.

Buoyancy
Density change
Temperature change inlb
F perl F per 1 F
40 - —0.000060 —320
60 —0.000124 —670
80 —0.000175 —910

For fresh water the corresponding figures are:

Buoyancy
Density Change
Temperature Change in Ib
F perl F = perl F
40 0 0
60 —0.000085 —~460
80 —0.000151 —690

Complete data on the relation of temperature and
salinity to density are given in Table 1.

46  RELATION OF COMPRESSION OF
SEA WATER TO DENSITY

The density of sea water is increased by compres-
sion by approximately 14.2 x 10-7 per foot of depth at
GO F. The value varies slightly with temperature,

TasLE 1. Density of Sea Water as 2 Function of Temperature and Salinity.

Temperature F

Salinity

°/ o0 30 35 40 - 45 50 55 60 65 70 75 80 85 90
—-022 —0.05 000 —0.08 —027 —0.57 —0.96 —142 —2.00 —2.65 —3.37 —4.16 -—5.01
2 145 161 1.63 1.54 1.33 1.02 0.62 0.13 —045 —1.10 —1.84 —2.64 —3.49
4 3.08 3.21 3.22 3.11 2.89 2.56 2.15 1.65 1.06 0.40 —0.34 —1.15 —202
6 4.71 4.81 4.80 4.68 445 4.11 3.68 3.18 2.58 1.91 1.16 0.3t —0.53
8 6.34 6.44 6.41 6.26 6.00 5.66 5.22 4.70 4.09 341 2.66 1.83 0.95
10 7.95 8.03 7.98 7.82 7.57 7.19 6.74 6.21 5.60 491 4.15 3.52 243
12 9.58 9.63 9.57 9.39 9.10 8.74 8.27 7.7% 7.10 6.40 564 4.79 3.90
14 11.20 11.23 11.16 10.96 10.67 10.28 9.81 9.25 8.62 7.91 7.15 6.29 5.38
16 12.83 12.84 12.74 12.53 12.21 11.82 11.33 10.77 10.13 9.42 8.63 7.78 6.86

18 14.43 1443 14.32 14.09 13.76 13.35
20 16.07 16.05 15.90 15.67 15.33 14.90

22 17.67 1763 17.47 17.21 16.87 16.43
24 19.29 19.23 19.06 18.79 18.42 17.98
26 20.90 20.82 20.63 20.36 19.98 19.51
28 22.51 2242 2221 2191 21.52 21.04
30 24,15 24.03 23.80 23.50 23.09 22.60

32 25.75 25.62 25.38 25.08 24.64 24,13
34 27.36 27.22 26.97 26.63 26.20 25.68
36 28.98 28.82 28.55 28.20 27.75 27.22
38 30.60 3043 30.15 29.77 29.32 28.78
40 32.24 32.03 31.73 31.36 30.89 30.34

12.85 12.29 11.63 10.90 10.12 9.26 8.34
14.39 13.81 13.15 12,42 11.62 10.75 9.82

15.91 15.31 14.65 13.90 13.09 12.22 11.29
17.44 16.84 16.17 1541 14.59 13.71 12,79
18.97 18.36 17.67 16.91 16.08 1520 14.27
2049 19.87 19.17 1841 17.58 16.69 15.74
22.01 2141 20.70 19.92 19.09 18.20 17.24

23.56 22,92 22.21 2143 20.59 19.69 18.73
25.10 24.45 23.73 22.94 22.09 21.18 20.22
26.63 25.98 25.24 21.45 28.59 22.68 21.72
28.18 27.51 26.77 25.96 25.10 24.19 23.22
29.72 29.03 28.29 27.48 26.62 25.70 24.73

The vatues for density are given as ¢, values. Density at a pressure of one atmosphere, p, . is obtained from the relation

Pis—
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16 PRACTICAL UNITS AND RELATIONS

being greater at lower temperatures. It may be as-
sumed to be independent of salinity within the salin-
ity range encountered at sea. Since the ballast tanks
are open 10 the sea, the water they contain is com-
pressed equally with that which they displace. Only
the pressure hull, which has a displacement of about
3.6 x 10® pounds resists compression. Consequently
the buoyancy of a submarine is increased 14.2 x 10-5 x
3.6 x 108=512 pounds per 100 feet of increased depth
as a result of the compression of the displaced sea
water.

Fuel oil ballast, however, has a compression about
twice that of sea watcr. With increase in depth a small
amount of sea water will enter the fuel ballast tanks
and somewhat reduce the buoyancy. Taking the com-
pression of fuel oil to be 2.8 x 10-8 per foot and its
density to be 0.8 that of sca water it may be estimated
that the buoyancy of a submarine is decreased 78
pounds per 100 fect descent for each 100 tons of fuel
oil carried. With a maximum load of 400 tons fucl oil,
this effect will amount to about 300 pounds per 100
feet. This effect cannot be estimated usefully since the
quantity of fuel oil present is variable.

The magnitude of the effect of compression of sea
water in increasing buoyancy can only be rather

roughly set at about 500 pounds per 100 feet descent
because of the variable amounts of fuel oil carried.

47 THE COEFFICIENT OF COMPRESSION

The coefficient of compression, C, expressing the
combined effect on buoyancy of the compression of
sea water and of the vessel with depth, is conveniently
defined in relation to a change in depth of 100 feet.
When so defined, it will be referred to as the compres-
sion and is expressed as pounds per 100 fect.

Compression = (AW — VAp,) 100/AZ. )

For a fiect-type submarine of 2,400 tons submerged
displacement,

Compression = (AW — 5.4 x 100Ap,,) 100/AZ. (2)

Conipression always has a negative value, since it rep-
resents a loss oi buoyancy with depth. Tne numerical
value is frequently expressed without sign, the nega-
tive character of the coefficient being understood.

The term Diving Rule is nsed as a synonym for the
compression.
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Chapter 5
COMPRESSION
HEN A submarine dives its buoyancy changes 5.1 THE MEASUREMENT OF
for two reasons. As the hydrostatic pressure in- COMPRESSION

creases with depth the water becomes more dense be-
cause it is compressed. It has been pointed out in
Section 4.6 that this effect increases the buoyancy of
asubmerged submarine of 2,400 tons displacement by
about 500 pounds per 100 Iect. The hydrostatic pres-
sure also compresses the hull of the submarine so that
its displacement becomes less. This leads to a decrease
in the buoyancy of the submarine. The net change in
buoyancy which must be compensated for by adjust-
ing the variable ballast is thus the difference between
that required by the compression of the sea water and
that resulting from the compression of the hull.2

It is possible to obtain a reasonably satisfactory
estimate of the total change in buoyancy due to com-
pression effects by observing the ballast change re-
quired to maintain good trim on changing depth. If
this estimate is corrected for the effect of changes in
density of the water arising from temperature and
salinity differences, the resulting figure may be taken
to represent the compression resulting from the com-
bined effect on the volume displacement of the hull
and the compressibility of sea water. Since the latter
is known approximately the true hull compression
may be estimated if desired. For most practical pur-
poses, however, it is the resultant effect of the simul-
taneous compression of the hull and of the sea water
which needs to be known.

The coefficient of compression C is defined by equa-
tion (1) Section 4.7 as:

C=(aW — Vap,) 100/a7

and the characteristic value of the compression of a
fleet-type submarine is given, in pounds per 100 feet
change in depth by:

(AW — 54 x10%p,,) 100 /02

where AZ is change in depth in [eet.

a The effect of the compression of fuel oil discussed in Section
4.6 is difficult to take into account because of the different
amounts of oil which will be present from time to time. Since it
is not large it has been overlooked or neglected in most of the
studies made to date.

In order to measure the compression of a subma-
rine, the vessel is trimmed at periscope depth (keel
depth about 60 fect) or in case of rough weather at
the least depth practicable (usually 100 feet). The
content of all variable ballast tanks is recorded and a
sample of sea water is collected for the determination
of its density. The submarine is then taken to the
greatest depth practicabie and trimmed and the same
data are secured. Finally the submarine is trimmed
near the surface and the required data recorded once
more.

The estimation of compression from data obtained
in this way is illustrated in Table 1.

TaBLE 1, Data Hustrating the Estimation of Compression.

Observations

Depth 65 ft 265 ft 65 ft
Temperature 575F 53.0F 58.0 F
Density 1.0246 1.0250 10246
Calculation
Ballast Change (A W) ~—2,000 1h +1,500 1b
Depth Change (aZ) 200 ft —200 ft
Density Change (Apyy) +0.0004 —0.0004
Density Effect (54X 10°4p,)  +2,1601h 2,160 1b
Descent
Compression = (AW — 5.4 X 10°Ap, ) 100/ A7
= (—2,000 — 2,160) 100/200
= —2,080 pounds per 100 feet
Ascent
Compression = (+1,500 + 2,160) 100/ ~—200
= —1,830 pounds per 100 feet
Mean compression for ascent and descent = —1,955

pounds/100 feet.

511 Measurement of Density of Sea Water

Samples should be drawn from a water line open-
ing immediately to the sea from the approximate
level of the center of buoyancy of the submarine.
Either the pressure gauge line in the forward torpedo
room or the line supplying the officers’ head is suit-
able. Lines drawn from ballast tanks or heated by
machinery are unsuitable.

CONFIDENTIAL 17
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Density is most precisely determined by calculation
‘from chemical analysis of salinity and measurements
of the temperature of the water. The* temperature
should be taken immediately on collection and
should be correct to 0.2 F. d e

Satisfactory measurements of density may be made
with a floating hydrometer provided care is taken
to secure readings before the temperature of the water
has changed. The presence of air bubbles adhering to
the hydrometer must be scriipulously avoided. Suit-
able hydrometers called ““Marine Hydrometers” have
been designed for this purpoese. Specific graviey hy-
drometers designed for a range'1.02 to 1.03 may also
be employed. These do not read the density, as de-
fined in Section 4.2, correctly. The scale values of a
specific gravity hydrometer is referred usually to the
density of water at 60 F while that of a density hydro-
meter is relerred to water of 4 C. Differences in den-
sity are, however, essentially the same as diflerences
in specific gravity and the absolute values of the scale
are consequently unimportant.

1f means of measuring the density of the water are
not available, useful measurements of compression
may be made by selecting a place where the water is
thoroughly mixed so that density gradients are not
present. The compression is then given directly by the
amount of ballast pumped per 100 feet descent. If the
temperature does not change more than 1 F per 200
feet, it is probable that the salinity will also be uni-
form and the density correction will be less than 500
pounds per 100 feet which isabout the limit of accur-
acy of the procedure. Such conditions may be found
in temperate latitudes during the winter and may
also be found in many parts of the subtropical oceans
at all seasons.

If tests are made in fresh water the density may be
obtained simply from a measure of temperature. The
relation between temperature and density of fresh
water may be obtained from Table 1 of Chapter 4,
using the values of Salinity = 0. The relation differs
significantly from that characteristic of salt water and
consequently the curve shown in Figure 1, Chapter 2,
should not be employed.

5.1.2 Establishment of Trim

In securing trim at each depth great care is re-

k Manufactured by Nurnberg Thermometer Company, Inc.,
Brooklyn, New York, for the Bureau of Ships.

quired. . The speed of the vessel should not exceed
40 turns or 2 knots and ballast should be adjusted so
that constant depth is held with a hull angle less than
1 degree and diving plane angles less than 5 degrees.
It is possible to adjust ballast correctly to within
about 500 pounds in this way. At speeds much greater
than 2 knots, depth may be controlled with the planes
when trim is far from perfect and the results of the

test will be unsatisfactory.

Trim should be established and observations made,
at two depths as far apart as possible so that the errors
of measurement will be minimized when they are
divided by the change in depth. When compression
is determined during routine deep-submergence
tests, in which it is customary to level off at a series
of increasing depths, it is desirable to secure good
trims and a measure of the density of the water at
each depth. It is then possible to sclect the most fa-
vorable levels for use in comptiting compression.

It is undesirable to use data secured when the sub-
marine lies in a strong density gradient. Under this
circumstance the density of the water may vary
greatly at the various depths occupied by the hull. A
sample of water drawn under these conditions may
not represent fairly the mean density of the layers
in which the displacement lies.

5.1.3

Venting Tanks

Before a compression test is made all tanks should
be carefully vented to remove the last traces of en-
trapped air. Air bubbles are highly compressible and
if they are carried down by the submarine the test
will yicld erroneously high values for compression.
See Section 5.3 below.

It is preferable that the vents be closed during the
test so that the water enclosed in the main ballast
tanks before descent will not be replaced in part by
denser water into which the submarine may descend,
since this would also lead to erroneously increased
values for compression.©

514 Changes in Weight Due to Leakage

Care should be taken that the weight of the vessel
is not altered by factors which are not taken into ac-
count such as pumping the bilges or the sanitary tank,

¢ The relation of the vents to changes in the temperature of
the ballast water and its effect on the buoyancy of a submarine
are discussed in Chapter 7.
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blowing safety tank, or flooding negative tank during
the tests.

Leakage is a very serious source of error, particu-
larly when the tests are made on a new vessel during
deep-submergence tests. New submarines frequently
leak extensively and since the tests require several
hours, the increase in weight may be very large. It is
not uncommeon for such a vessel to need to pump bal-
last both on descent and ascent since the leakage may
be greater than the ballast change required because
of compression.

Two procedures are available for dealing with the
effects of leakage. One is to be sure that the bilges are
pumped dry beforc each trim is established. The
other is to assume that leakage is the same during de-
scent and ascent and to average the values for the co-
efficient of compression.

Because of the likelihood of leakage it is preferable
to make a special dive to maximum depth for the esti-
mation of compression and to make it with as little
delay as possible.

515 Measurements of Ballast Changes

The liquidometer gauges measuring the contents
of the auxiliary ballast tanks are not very sensitive
and may vary in their indication by as much as 500
pounds when no change has been made in the con-
tent of the tank. This is due in part to the effect of
small changes in the angle at which the hull lies in
the water.

Tominimize this source of error all ballast changes
during a test should be made in a single tank, so that
the errors in reading several gauges are not added.
If changes in fore and aft trim are required they
should be made by pumping from one tank to an-
other rather than to and from the sea.

The pump gauges installed in the earlier fleet-type
submarines are very inaccurate. These gauges oper-
ate by counting the pump strokes. Leakage of the
valves causes the delivery to fall below the indica-
tion. Pumps installed more recently appear to be
more reliable and measure the water pumped more
precisely than do the liquidometer gauges. These
pumps, however, cannot be used to measure the
amounts of ballast flooded.

So long as ballast adjustnients were made entirely
by trial, accurate measurements of ballast changes
were not necessary. If full advantage is to be taken of
the improvement in precision of operation, which is

possible with instruments for predicting ballast
changes, improvements in the design of tanks and
gauges are needed.

52 THE COMPRESSION OF SUBMARINES
B2 Results of Compression Tests

Fleet-type submarines have yielded values for com-
pression varying from 500 to 8,000 pounds per hun-
dred feet. Beginning with the SS 285 commissioned in
the spring of 1943, important changes in hull con-
struction were introduced with a view to increasing
the depth of safe operation. Submarines of earlier
design will be referred to as light-hulled, and subse-
quent construction as heavy-hulled vessels. Four sub-
marines, SS 361-364, were modified ouly with regard
to the weight of the frames, the plating being similar
to that used in the carlier vessels. Table 2 shows the
results of tests on 50 vessels, and is arranged to show
the number of submarines of each type yielding vari-
ous magnitudes of conipression.

TasLr. 2. Compression of Fleet-type Subimarines.

Number Range of compression Average

Type of of 1,750-  2.500- coinpres-
vessel tests <2 1,750 2,500 3500 3,500 sion

Lighthull 25 5 6 9 5 2,700
(55 212-281)

Light hull—
heavy frames 4 1 3 0 0 2,000
(SS 361-364)

Heavy hull 26 13 10 3 0 1,700
(SS 285 and
8S 313 class)

These tests make it clear that the compression var-
ies with the hull construction. No differences were
demonstrated between the products of different yards.
Since the observations were made for the most part
on new construction during deep-submergence tests
it is probable that leakage and perhaps other causes,
such as the inexperience of new crews, has led to un-
due variation in the results and on the whole to val-
ues which are too large. It is not probable that minor
differences in design and construction are responsi-
ble for the extreme differences observed among sub-
marines of the same class.

Information obtained at Pearl Harbor cenfirms
the belief that tests with seasoned vessels and crews
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yield somewhat. lower values for compression. The
values for the compression of such vessels indicated
by tests and patrol experience are given in Table 3.

"TasLE 3. Compression of Seasoned Submarines.

Number of Compression

Type of vessel vessels 1D per 100 ft
Light hull including 2 1,500

T and Gato class 8 2,000-2,200

2 2,500-2,800
Average: 2,090

Heavy hull Balao * =~ 1 1,700-1,900

cluss 10 1,300-1,500
Average: 1,430

Of the older types of submarine, controlled com-
pression tests have only been mnade on the $-33 which
yielded a value of 3,000 pounds per 100 feet. This
vessel displaced 1,070 tons submerged. This compres-
sion corresponds to 6,700 pounds per 100 feet for a
vessel of 2,400 tons.

Experience in diving has indicated that the com-
pression of other old type submarines are about as
given in Table 4.

TasLE 4. Compressions of Older Type Submarines,

These compressions agrec in general with those re-
ported for the older type of American submarines.

Taken as a wholc, the data indicate that slight im-
provements in compressibility have been made with
the development of the light-hulled fleet-type sub-
marine. The new heavy-hulled fleet-type subinarine
is, however, distinctly improved in this respect.

5.2.2 Variation in Compression of

Individual Submarines

The measurements of compression of fleet-tvpe sub-
marines summarized above show surprisingly wide
variation. This variation is attributable in part to
inaccuracies inherent in the method of making the
tests and to faulty technique in carrying out the de-
termination. The rcsidue may result from real dif-
ferences in the design and construction of the vesscis
and there is in addition the possibility that unrecog-
nized factors are also contributory.

Data arc available from 19 submarines on which
the compression has been estimated during two or

TABLE 6. Selected Data on Compressibility of Submarines
in Which Duplicate Tests Agree Within 500 Pounds per
100 Feet.

Mean
Vessel compression Variation
Number Ligh
Submerged  of Corresponding §1 ‘lg 2
displace-  vessels Compression colnpression ull) AT e b
Class mient tons reported  Ib per 100 ft for 2,400 tons FUFEER 1,900 =300
Parco* 3,150 *+350
S (new) 2,200 5 2,000-2,500 £.200-2,700 Bruermsu* 3,300 +300
r 2,000 3 2,500-3,000 %,000-3,600 Cop* 2.900 *500
S (old) 1,100 5 1,100-2,700 2,400-3,100 Dartrr* 3,300 =100
GOLET 2.300 *100
Conia 2,300 +300
Sti s have beenn made on the compression of
; Ebt;;m,a?el be e,e £ = Od' c'c lp L{sll ;] Class Average 2,730
Ol‘lr‘ ritish §u marines rf)m ata supplied by the AVERIEE oY e
British Admiralty declegation through courtesy of mean values 2,600 £700
Captain (S) Third Submarine Flotilla, HMS Forrn,
] - (Heavy
and is recorded in Table 5. - hull)
Cisco* 1,550 *150
TaBLE b, Compressions of British Submarines. Arocan* 1,880 +500
Aspro* 2,250 *350
PinTApO* . 900 *100
Suhmmerged Corresponding DRAGONET 1,300 +880
displacement Compression compiession REDFISH 1,450 +850
Vessel tons 1b per 100 ft for 2,400 tons
Class Average 1,540
VENTURER 800 750 2,250 Average fg .
VIKING 800 1,050 3,500 Tl M TS 1B -,
SrRaTAGEM 1,000 087 2,250 Tesn g gk *675
S y 1,000 900-1,000 2,160-2,400 . .
i * These check dives were made on same test cruise,
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more separate dives. Thirteen of these, which show
agreement on successive tests within = 500 pounds of
their mean, are recorded in Table 6. This agreement
is as good as can be expected, considering errors in
reading ballast tank liquidometer gauges and in se-
curing trim at low speed. Measurements influenced
by faulty technique in securing trim or otherwise
handling the vessel are probably excluded.

Tabl~ 6 shows that the average compression of the
selected light-hulled submarines is 2,730 pounds per
100 feet. The extreme values of mean compression
for individual vessels fall within = 700 pounds of
their average of 2,600. For the heavy-hulled subma-
rines the average compression is 1,540 pounds per 100
feet. The extreme values of mean compression for in-
dividual vessels fall within = 675 pounds of their
average of 1,575.

The result confirms the conclusion that a real dif-
ference exists between the compression of submarines
of different design and construction. The variation
between differcnt vessels of the same class is large
enough to suggest that there may be some real dif-
ference in their compressibility, but a larger series of
measurements is required to demonstrate this point.

523 The True Compressibility of
Submarine Hulls

Compression tests measure the combined effects
of hydrostatic pressure on the displacement of the
hull and on the density of the displaced sea water.
Since the compressibility of sca water is known and
increases the buoyancy of a submerged submarine of
2,400 tons displacement by about 500 pounds per
100 feet, it is necessary only to add this amount to the
measured compression to obtain an indication of the
actual change in displacement of the submarine.

Thus one of the older light-hulled type submarines
with a measured compression of 2,700 pounds per 100
feet actually undergoes a change in displacement of
about 3,200 pounds and a modern heavy-hulled ves-
sel with a compression of 1,400 pounds displaces
about 1,900 pounds less on descending 100 feet. Ym-
provements in design have almost doubled the rig-
idity of submarine hulls. Further improvements in
like degree would reduce the true hull compression
until it is nearly equal to the compressibility of sea
water. If this could be accomplished submarines
would never need to pump ballast on descent, and
whenever density gradients were present they could

float balanced in the gradient without depending on
propulsive machinery to maintain their proper depth.

Improvements in design intended to permit greater
range in depth and improved resistance to depth
charges may thus also increase the ease of underwater
operation,

5.2.4 Batten Measurements

A direct indication of the effect of compression
with deptli on the dispiacement of a submarine’s hull
is given by measurcments of the change in diameter
of the pressurc hull on deep submergence. These
measurements, made with steel battens secured to
brackets welded to the pressure hull frames, are cus-
tomarily made in both the vertical and horizontal
direction in the seven compartments of the hull dur-
ing precommissioning trials. -

Data secured by the Supervisor of Shipbuilding,
U.S.N., at Manitowoc, Wisconsin, during deep-
submergence tests of 22 submarines of new construc-
tion, indicate that the average decrease in diameter
of the pressure hull is 0.0295 inch per 100 feet de-
scent in the case of light-hulled vessels and 0.0275

« inch per 100 feet descent in the case of the heavy-

hutled submarines of later design. These changes
in diameter are estimated to lead to a decrease in dis-
placement of 1,650 and 1,540 pounds per 100 feet
respectively.

These estimates of the true compressibility of the
submarine hulls are notably lower than those based
on ballast changes required during deep submerg-
ence, which are 3,200 and 1,900 pounds per 100 fect
respectively for the two types of construction. The
difference may be attributed in part to the compres-
sion of fuel oil and entrapped air since these factors
lcad to excessive values in the compression tests.
More important, the batten measurements do not
record the bending of the plates between frames, and
consequently give too small a value for the change
in displacement of the pressure hull.

53  EFFECT OF ENTRAPPED AIR ON
APPFARENT COMPRESSION

Any large volume of aiv entrapped in a fuel or bal-
last tank or in any other place where it is exposed
to the pressure of the sea will be compressed when
the submarine descends and will cause an undue loss
of buoyancy. If such a condition exists during a com-
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pression test, abnormally high values for compress ion
will result. It is believed that when compression mea-
surements yield results more than 1,000 pounds in ex-
cess of the mean value for boats of the class, air is
present. It is suspected that smaller departures Irom
the mean compression may frequently be duc to the
accidental entrapment of smaller quantities of air.

In the construction of a submarine, every cffort is
made to eliminate air pockets and, if vent holes are
cut in accordance with the detailed working plans,
there should be a negligible amount of air trapped
in the tanks or in the outside structurc. However,
it sometimes happens that sections of the superstruc-
ture are not adequately provided with vent holes dur-
ing construction and these pockets are uncovered in
service il the volume is sizable enough to cause erratic
performance in diving. In the absence of pockets of
this type, there is always the possibility that the tanks
are not properly vented to climinate all the air possi-
ble.

The presence of entrapped air reveals itself in the
way in which buoyancy decrcases with depth. Nor-
mally, as the result of compression, the volume dis-
placement of the vessel decreases in direct proportion
to the depth. On the other hand, since pressure in-
creases with depth, the voiume displacement of an en-
trapped air bubble is the reciprocal of the depth,
since the volume of a gas is inversely proportional
to its pressurc. As a result, the net buoyancy of a ves-
sel carrying a large volume of entrapped air decreases
very rapidly at the beginning of its descent but less
and less rapidly as depth increases. The cstimated
compression of the vessel, which represents the sum of
the true compression® and the compression of the air
bubble, will consequently diminish when measured
between successively deeper levels.

A bubble having a volume at sea level equal to the
displacement of 1,000 pounds of sea water® has an
cffect on the buoyancy of a submarine at any keel
depth which is given by the term ]——I_FOB—OH; pounds,

53
where D is the kecl depth in feet, it being assumed
that the bubble is centered 15 feet above the keel. The
form of this relation is illustrated in Figure 1. It is

aThe true compression here refers to the combined effect of
compression of the hull and compression of sea water.

© 1,000 pounds of water are displaced by 15.6 cubic feet or 118
gallous.
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Ticure 1. Effect of a volime of entrapped air, which at
atospheric pressure displaces 1,000 1h of sea water, on
the buoyancy of a submarine at various keel depths.

evident from this figurc that the greater part of the
loss of buoyaney from the compression of the air will
occur between the surface and 100 feet depth and
that below 200 feet the effect of further compression
of the air is rclatively small.

The size of an entrapped air bubble may be de-
termined approximately with the aid of Figure 1 if
hydrographic conditions and the compression of the
submarine are known or may be reasonably assumed.
If the displacements of a quantity of air which dis-
places 1,000 pounds of sca water at the surface are

~represented by ¥y and V', at the depthZ; and at some

greater depth Z,, then the displacement at the surface
is given by!

AW — C(Zs — 2)]100 — Virp,,
7 — 7

x 1,000 pounds,
1)

and the volume of gas at 1 atmosphere pressure is
given by

’.... — i’ — 7
Al C(ZQV z,)léwo VAP o 15.6 cu fu.
i 1

(2)

f1n these expressions in accordance with definitions pre-
viously given ATV = change in ballast between depths Z; and
Z,: € = change in buoyancy due to compression per 100 fect in-
crease in depth; ' = submerged displacement of submarine in
pounds; Apy = change in density of sca water hetween depths
Zyand Z,.
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The pressurc and size of an unsuspected bubble of
entrapped air is indicated by the data in Table 7 se-
eured during a dive of a British submarine of 1,000
tons displacement. The first part of the table shows
the data obtained at several levels between 30 and
TasLe 7. Apparent Compression of the 1,000-ton Sub-
marine, HMS Seirit Suspected of Carrying Entrapped air.
Chkange in buoyancy due to
Estimated
Change Density Apparent  compres-
in of sea compres- sion
Depth ballast water sion /100 ft
30 0 0 0 =
100 —1,250 +2,240 —3,490 4,986
200 —2,500 -+ 3,360 —5,860 2,370
300 —3,400 + 3,560 —6,760 900
Estimation of Displacement of Air Assuming Compression
of —1,100 Pounds per 100 Feet.
Change in buoyancy due to
1,000- Estimated
Apparent  Assumed  Assumed  pound displace-
compres-  compres- air air ment
Depth sion sion bubble  bubble of air
30 0 0 0 0 —_
100 —3,490 =770 —2,720 —400 6,800
200 —5,860 —1,870 —3,990 —~530 7.528
300 —6,760 —2.970 —3.810 —580 6,570

300 feet from which the compression is estimated be-
tween each descending pair of levels. The apparent
compression represents the change in buoyancy of
the vessel due to compression in descending from 30
feet to the stated depth, estimated from the ballast
change and the change in density of the sea water.
The estimated compression shows the compression
per 100 feet between each stated depth. It is evident
that the compression is miuch greater at the upper
levels than between deeper levels, which indicates
that entrapped air is present. In the second part of
the table, the displacement of the air is estimated
from the change in buoyancy between 80 feet and
cach greater depth. This is done by estimating the
change in buoyancy due to the actual compression of

1,000-pound air bubble at each stated depth is then
obtained from Figure | and entered in column 5. By
comparing the change in buoyancy of the assumed air
bubble and the 1,000-pound air bubble, the displace-
ment of the air is obtained (column 6). The results
indicate that the air displaces about 7,000 pounds
corresponding to 109 cubic feet when at the surface.
In this case, the compression of the submarine was
unknown. The apparent compression between 200
and 300 feet suggested the proper order of magnitude
and trials were made with various compressions until
the most uniform values for the displacement of the
air were obtained. This is obviously not a satisfactory
method of determining compression. When the re-
sults of compression tests indicate the presence of en-
trapped air, the condition should be remedied and
the test repeated under more favorable circumstan ces,
Definite evidence of the effects of entrapped air
were obtained during the deep-submergence test of
the USS FLounpER. Immediately prior to the test a
trim dive was made in order to weigh the vessel. From
the ballast adjustments required to trim the sub-
merged vesscl, it was estimated that a large amount of
air wi s present in one of the after fuel tanks. The size
of this bubble was estimated to be 700 to 800 cubic
feet at periscope depth, corresponding to 1,800 to
2,000 cubic feet at the surface.

TasLi: 8. Apparent Compression of the 2.400-ton Sub-
marine USS FLounper (S§ 251) Carrying Entrapped Air.

Change in buoyancy due to

Estimated
Change Density Apparent compres-
in of sea compres- sion

Depth baltast water sion 1b/100 £t
90 0 0 0 —
162 —9.500 +50 —9,500 13,200
212 —12,800 -+320 18,120 7,240
512 —13,400 -+4,260 —17,660 4,540

Estimated Displacement of Air Assumning Compression of
2,600 Pounds Characteristic of Class.

Change in buoyancy due to
1,000. Istimatec

Apparent  Assumed  Compres. pound  displace-
the bull, assuming a reasonable value (— 1,160 pounds compres-  compres- sion air ment
per 100 feet) for the buoyancy due to compression Depth  sion sion ofair  bubble  ofair
(column 8). The diflerence between change due to the 20 0 N 0 0 _
apparent compression and the assuined compression, 162 9,500  —1870  —7630  —120 63,600
gives the change in buoyancy due to the assumed air ;’i?) :}?égg :g;;g __l?’ggg ::gg giviég
bubble (column 4). The change in buoyancy of a - ’ L ’ ’
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Following the trim dive, the FLOUNDER made a
decp-submergence test in the course of which the
data recorded in Table 8 were secured, and the dis-
placement of the entrapped air estimated as ex-
plained in discussing the data obtained by the HMS
SpPIRIT.

The change in ballast required to compensate for
compression was unusually large and the estimated
compression is much greater between levels near the
surface than between deeper levels. When the dis-
placement of the air is estimated, assuming a com-
pression for the FLOUNDER of —2,600 pounds per 100
feet, which is the average valuc for her class, a value of
about 64,000 pounds or 1,000 cubic feet at one atinos-
phere pressure was obtained.

On return to the yard, Number 6A and 6B Fuel
Tanks werc found to be only about one-quarter full,
verifying the existence of an air bubble. From the
content of the tank, it was estimated that the volume
of air was about 900 cubic feet. Comparing the re-
sults of the three methods of estimation, the volume
of air was as follows:

1,800 to 2,000 cubic feect
. 1,000 cubic feet
. 900 cubic feet

Weighing boat
Compression test .
Direct observation

The location of the entrapped air should be indi-
cated approximately from the change in fore and aft
trim required on descent if the displacement of the
air is known. If the air is entrapped at some distance
aft of the center of buoyancy, for example, its com-
pression will cause the submarine to become heavy
aft and an appropriate amount of ballast must be
tranferred forward to compensate. The quantity of
ballast shifted will depend on the chauge in displace-
ment of the air and the ratio of the distances of the
bubble and of the forc and aft tanks from the center
of buoyancy.

The approximate position of the entrapped air
should be indicated by L in the equation:

. (IAAIVA - dFAIVF ]
a= AD ' {

3)

where L = distance measured aft of center of buoy-
ancy;

dp = distance of forwaid trim tank from center of
buoyancy;

d, = distance of aft trim tank from center of buoy-
ancy, and where between any two depths;

AW = change in ballast in forward trim tank;
AW, = change in ballast in aft trim tank;

AD = change in displacement of entrapped air.

A negative value of L indicates air entrapped forward
of the center of buoyancy.

In the case of the observations on the USS
Frounper on descending from 90 fect to 312 feet:

AWy = + 900 pounds

AW, = — 5,500 pounds

AD = — 11,890 pounds
dy = 120 feet
dy = 140 feet

The distance of the air aft of the center of buoy-
ancy, L, comes out to be 73.8 feet. Tanks 6A and 6B,
in which the air was located, center 44 féet aft of the
center of buoyancy. The agreement is not very satis-
factory and indicates that the position of the bubble
can be determined only in a very general way by such
estimations.

Submarines are sensitive to small changes in fore
aud aft tiun since a change of only 200 pounds causes
a change in hull angle of 1 degrec. Whenever a sub-
marine becomes unexpectedly heavy at one end on
changing depth the possible presence of entrapped
air should be considered.
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Chapter 6

THE PREDICTION OF BUOYANCY CHANGES DUE TO
DENSITY GRADIENTS IN THE SEA

MEASUREMENTS of density of sea water obtained by
the use of hydrometers or by chemical analyses
for salinity and from temperature readings take too
long to be a useful guide to actual diving operations.
A continuous and instantaneous indication of the
density of sea water, preferably in the form of a
}graphic record of its effect on buoyancy with chang-
ing depth, is needed to provide useful information
to the diving officer as the vessel moves from one
depth to another.

61 SUBMARINE BATHYTHERMOGRAPH

The type CTB submarine bathythermograph
[BT]® an instrument designed originally for use in

a Abbreviation for bathythermograph. Sce note a, Chapter 1.
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sonar predictions, provides this information in so far
as density gradients due to temperature differences in
the water arc concerned. Since temperature differ-
ences are the principal source of density layers in most
parts of tire ocean, this instrument has proved of im-
mediate value as a guide to diving operations. The
OCN and OCO are more recently developed tempera-
ture-depth recorders intendcd to improve on the type
CTB bathythermograph in various ways. The model
CX]JC is an instrument which takes account of den-
sity effects due to salinity as well as temperature.

The type CTB submarine bathythermograph draws
a curve on a smoked card as the submarine dives. The
principle of operation is evident from Figure 1. The
card carriage is rotated about a pivot by a Bourdon
tube actuated by the sea pressure. The upward move-
ment of the card holder during descent_causes the

XYLENE FILLED
TUBING .

bl
%,
I E‘]'
I
! e
*-COUNTER TUBING IN BLISTER
WEIGHT
OUTSIDE CONNING TOWER
COUNTER
WEIGHT

Ficure 1. Diagram showing principles of construction of Type CTB bathythermograph.
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26 PREDICTION OF BUOYANCY CHANGES

Fioure 2. Type CTB bathythermograph installed.

writing point to trace a descending line on the
smoked card, proportional in length to the increase
in depth. The writing point is mounted on an arm
which rotates in a horizontal plane under the action
of a second Bourdon tube connected with a tempera-
ture sensitive element exposed to the sea, usually at
the level of the conning tower. The rotation of the
arm causes the writing point to deflect the tracing to
the right or left, a distance proportional to the change
in temperature. Figure 2 pictures the instrument and
Figure 3 illustrates the chart.

The model OCN bathythermograpli is a similar
instrument designed with the special needs of the div-
ing officer in mind. The shape of the instrument has
been modified to provide for more convenient mount-
ing on the panel carrying the depth gauges and other
instruments used in diving. The size of the chart has

Ficvxe 8. Smoked chart used in type CTB bathythermo-
graph, showing simulated temperature trace: Reduced to
¥ natural size.. .

been increased so that the record can be read by the
diving officer while standing at his station. These
changes have involved complete redesign of the
mechanical arrangements, but in principle it differs
in no way from the CTB model. The model OCN
bathythermograph is pictured in Figures 4 and 5 and
the chart is shown in Figure 6. The model OCN is
now receiving test in service.

The model OCO bathythermograph, like the
niodels CTB and OCN, also records temperature and
depth but employs clectrical methods of recording.
Temperature is measured by a thermocouple which
generates a voltage in an electrical circuit. This volt-
age is measured by means of a potentiometer circuit
in the recorder, located in the control room, and is

plotted on the vertical scale of the recorder in degrees

of temperature. Depth is measured by sea pressure
acting on a bellows connected with a slide-wire which
is one arm of a Wheatstone bridge, the other arm of
the bridge being in the recorder. Depth is plotted on
the horizontal scale in the recorder. The depth-tem-
perature curve is written in ink on a chart which is
7x10 inches in dimensions. There are three separate
thermocouples which are iustalled at the bow, on the
periscope shears, and just above the bilge keel. Any
one of these thermocouples can be thrown into the

Fioure 4. Model OCN bathythermograpli installed in the
control room. The cover has been opencd and smoke re-
moved from lower portion of the card to show the chart
more clearly.

" CONFIDENTIAL



e et

SUBMARINE BATHYTHERMOGRAPH 27
i 1 e
2 3 DEGREES FAHRENHE T -
é ig T ai e e ,—
Py et |
Fgf sEESE,
f 3] ; o
iy 2 | o TalRiz
iE : i !
S 2
i i
P8 SEEs EECTECEE §=7’
T ESESCEEIFLRP
: B
H : : AN
2 T - ig
P .’ : 4l
H T — T
N = £25

Ficure 5. Temperature-sensitive element of model OCN
Lathy thermograph installed on the periscope shears.

circuit by means of a switch on the recorder. The
OCO recorder is shown in Figure 7, and the thermo-
couple in Figure 8. . s

et The Interpretation of the
Bathythermograph Record

The wracing drawn by the instrument is a descrip-
tion of the distribution of tcmperature with depth.
In order to make use of this information in estimat-
ing the ballast adjustment required on changing

Fiure 7. Model OCO bathythermograph installed in the
control room.,

Fieure 6. Chart used in model OCN bathythermograph.
Reduced to 2/5 natural size.

depth, it is necessary to provide some means of show-
ing the change in buoyancy which will result {rom
the change in temperature. It is also necessary at the
same time to take acconnt of the change in buoyancy
which results from the comipression due to increasing
depth.

This is done by adding to the bathythermograph
chart a third set of coordinates which are sloped so
that each passes through all the points where the loss
in buoyancy with depth from compression is exactly
cqual to the gain in buoyancy due to a decrease in
temperature. 1f the temperature of the water varies
with depth as shown by such a line then no change in
ballast is required on changing depth. Such lines are
consequently called isoballast lines.

Ficure 8. Thermocouplie of the Model OCO bathy-
thermograph installed at the level of the bilge keel.
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Ficure 9. Method of constructing grid of isoballast lines
on a bathythermograph chart. The example is for a sub-
marine with compression of 2,500 1 per hundred feet.

The isoballast lines are spaced so that the interval
between successive lines corresponds to a change in
buoyancy of some fixed amount, conveniently 2,000
pounds. It follows that when the temperature trace
crosses the isoballast lines between any two deptlis,
the change in buoyancy is given directly by the num-
ber of isoballast-line intervals crossed. The ballast
change required to compensate for the change in
buoyancy may consequently be read off directly from
the record.

The method of constructing isoballast lines will
make this clearer. From a curve such as Figure 1 in
Chapter 1, showing the relation between temperature
and the relative buoyancy of a submarine, a table is
constructed giving a series of temperatures each of
which corresponds to a buoyancy 2,000 pounds less
than the preceding. Such a series, appropriate to a
submarine of 2,400 tons submergcd displacement, is
entered in Table 1.

Taprr 1. A Series of Temperatures for Use ‘in Plotting
Isobullast Lines for Submarines of 2,400 Tons Submerged
Displacement,

Each increment in temperature corresponds to a change
in buoyancy of 2,000 pounds.

32,0 56.9 705 81.5
40.0 59.9 728 83.7
45.3 62.8 75.0 85.8
49.6 65.6 77.2 87.9
58.2 68.1 794 90.0

The interval of depth which causes the buoyancy
of the submarine to change by 2,000 pounds is next
estirnated from the relation:

Depth interval = Z_OCQ_Q x 100 feet
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Ficure 10. Example of temperature trace which follows
an isoballast line, in which case no change in buoyancy
occurs on changing depth.

wliere C is the compression of the submarine for
which the chart is intended. The depth intervals for
various compressions for which isoballast lines have
been issued are as follows:

Compression Depth intervals
(Ib per 100 ft) (fr)
1,400 143
2,000 100
2,500 80
3,000 66.6
4,000 50

The temperatures corresponding to 2,000-pound
increments in buoyancy, from Table 1, are marked off
on the chart along the coordinate corresponding to
the surface and again at the successive intervals of
depth which each correspond to a 2,000-pound in-
crement in buoyancy, as determined by the compres-
sion of the submarine for which the chart is intended.
Figure 9 illustrates thie procedure in the case of a sub-
marine with a compression of 2,500 pounds for which
the depth interval is 80 feet.

Sloping lines are drawn from each point on the
surface coordinate to the next point to the left on the
marked depth coordinate below, and continued simi-
larly to the greatest depth represented. These lines
are curved because the relation between temperature
and buoyancy is not linear,

It is evident from Figure 9 that each line is drawn
through all the points in which the decrease in buoy-
ancy due to compression with depth is exactly bal-
anced by the increase in buoyancy due to the de-
crease in temperature. Each line thus represents the
conditions in which no change in ballast is required.
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Figurg 11. Example of temperature trace which crosses
the isoballast lines from left to right on descent, in which
case buoyancy decreases on increasing depth,

Thus if the temperature trace passes through the
points A and B in Figure 10, a submarine in trim at
A will lose 4,000 pounds buoyancy as the result of its
compression in descending to B but will gain 4,000
pounds buoyancy as the result of the decreased tem-
perature of the displaced water at B. No change in
ballast is required.

It is also evident that if the temperature trace does
not follow (or parallel) an isoballast line as in Figures
11 and 12, the buoyancy of the vessel will change on
descent to a degree which is indicated by the isobal-
last line grid. Thus if the temperature does not
change in descent, as from C to D in Figure 11, buoy-
ancy is decreased 4,000 pounds because of compres-
sion. This is indicated by the tracing crossing two
isoballast-line intervals. On the other hand, if the
temperature decreases markedly on descent as from E
to F in Figure 12, buoyancy is increased 6,000 pounds
as the result of the temperature change while it is de-
creased 4,000 pounds by the compression. The result
is an increase in net buoyancy of 2,000 pounds which
is indicated directly by the fact that point F lies one
isoballast-line interval to the left of point E. Conse-
quently 2,000 pounds of ballast must be flooded in to
preserve the trim which existed at E.

The following rules are sufficient to interpret the
BT chart in making trim adjustments in diving.

1. If the temperature tracing crosses the isoballast
lines from left to right during descent, the boat be-
comes heavier and ballast must be pumped out to
cbtain good trim. On ascent, it must be flooded in.

2. If it crosses the isoballast lines from right to left
during descent, ballast must be flooded in to obtain
good trim. On ascent, it must be pumped out.

3. If it is parallel to the isoballast lines, no change

Ficure 12. Example of temperature trace which crosses
isobalast lines from right to left in descent, in which case
buoyancy increases on increasing depth.

in ballast is required in moving from one depth to
another.

4. The ballast change required in moving between
two depths is given by multiplying the number of
isoballast-line intervals crossed by the temperature
tracing between these depths by 2,000 pounds. How-
ever, intervals crossed twice in opposite directions are
not counted.

6.1.2

Graphical Analysis of Buoyancy
Problems

The BT chart with isoballast lines provides a con-
venient means for the graphical analysis of buoyancy
problems. It is consequently desirable to relate the
fundamental buoyancy equations outlined in Chap-
ter 3 to their graphical representation on the BT
chart.

Equation (4) (Section 3.2) for change in net buoy-
ancy, AB, is:

AB = T"\py + CAZ — AW,

Since the instrument does not take account of salinity
changes, the term VAp, is used in place of FAp,, to
express buoyaiicy effects due to the temperature
changes of the sea water. The terms of the equation
may be expressed graphically by horizoutal distances
across the chart as shown in Figure 13. Their magni-
tude is measured in units of 2,000 pounds by the num-
ber of isoballast-line intervals crossed in the given
distance. Thus if a subinarine in trim at point A
(depth Z; and temperature T,) descends to point B
(depth Z., and temperature T%) and if D is the point
at depth Z, on the isoballast line which passes
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Ficure 13. Graphical representation of factors affecting
buoyancy with the aid of temperatnre trace drawn on
isoballast line grid.

through the point of trim A, then FAp; is repre-
sented by the distance CB which corresponds to the
decrease in temperature, and CAZ is represented by
the distance DC which corresponds to the tempera-
ture change required to counterbalance the compres-
sion. This is the result of the way in which the iso-
ballast lines are constructed. CAZ has a negative
value since it represents a loss in buoyancy.

The distance BD, equal to VAp, + CAZ, repre-
sents the sum AB + AW. If AW = 0, i.e,, if no bal-
last adjustment is made, BD = AB and represents
the change in net buoyancy resulting from the change
in depth. If it is desired that AB = 0 at the depth Z,
then ballast must be added until AW = BD. BD ob-
viously represents the number of isoballast-line inter-
vals crossed by the temperature trace hetween the
depths Z, and Z,.

The chart may be used not only to cstimate
changes in buoyancy, or required changes in ballast,
in moving between two stated depths as illustrated
above but also to show what may be expected to hap-
pen in a variety of other circumstances.

For exaniple, suppose a submarine in trim at point
A in Figure 14 floods an amount of ballast AW while
at the original depth Z;. The state of the vessel will
be represented by the point E and it will be heavy by
the amount AW, nieasured in isoballast-line inter-
vals, which will cause it to sink. The question is at
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Ficure 14. Use of graphical method to determine depth
at which a submarine may come 1o trim when ballast is
flooded in.

what depth, if any, it will come to trim with ncutral
buioyancy. The state of the vessel s it sinks is repre-
sented by the points along the isoballast line drawn
through points E and B. At each depth this sloping
line represents the temperature change required to
compensate for the decreasing buoyancy duc to com-
pression in addition to the initial change in weight.
If at some depth the temperature trace crosses this
isoballast line, as at B, then at that depth the increase
in buoyancy due to the temperature gradient will
equal the decrease in buoyancy due to the added
weight plus that due to compression and the subma-
rine will again be in trim at that depth. If the sub-
marine is caused to descend decper, as to By, the loss
in buoyancy represented by the continued course of
the isoballast line drawn through B and E will be
less than the gain in buoyancy represented by the
temperature trace. The submarine will becone light
and must flood more ballast or decrease its depth if it
is to come into trint.

613 Selection of Correct Bathythermograph
Card

The isoballast lines each represent the locus of all
points wherc the cffect of temperature on buoyancy
is equal and opposite to the effect of compression on
buoyancy. The spacing ol the lines with respect 1o
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temperature depends upon the displacement of the
suhmarine; the spacing with respect to depth depends
on the actual comnpression of the vessel and this varies,
as shown in the preceding chapter, not only from one
class of submarines to another, but also from one
boat to another within a given class. It is conse-
quently essential that BT cards be used with isobal-
last lines appropriate to the displacement and com-
pression of the submarine.

Bathythermograph cards have been prepared for
submarines of 2,400 tons submerged displacement
having compressions of 1,400, 2,000, 3,000, 4,000,
6,000 pounds per 100 feet. By selecting a card for a
compression nearest to that of the submarine, errors
in ballast estimates larger than 500 pounds per 100
feet are avoided. The 1,400-pound card is recom-
mended for the SS 285 and subsequent submarines,
the 2,000-pound card for earlier fleet-type subma-
rincs, unless experience shows a different card is re-
quired. It is believed that compression estimates
greater than 3,000 pounds per 100 feet are usually the
result of entrapped air, and will not be encountered
in properly conditioned submarines. The cards for
4,000- and 6,000-pound compressions are conse-
quently being withdrawn from distribution.

6.2- PRECISION OF BATHYTHERMOGRAPH
PREDICTIONS

The several factors which determine the precision
of predictions of ballast change by the hathythermo-
graph are enumerated below.

621 Buoyancy as a Function of
Temperature

Temperature changes are recorded and may be
read easily to about 0.5 C corresponding to buoyancy
changes of about 150 to 450 pounds depending on the
temperature. It is not easy to interpolate in reading
isoballast-line intervals to less than 500 pounds. Fre-
quently the zero setting of the temperature record-
ing mnechanism is wrong by several degrees. This does
not introduce serious error since temperature differ-
ences only are involved.

The response of the thermal recording system is
sufficiently quick, in relation to the speed of descent
or ascent, that hysteresis is not present in the record
provided the instrument is properly adjusted. Occa-
sionally marked hysteresis is produced by excessive

pen pressure, by bending of the copper tube which
transmits the temperature effect, or by mechanical
interference within the recorder.

The numerical relation of temperature to density
used in constructing isoballast lines is known with
great precision. The displacement of fleet-typé sub-
marines agrees with that assumed in the calculations
to 4 per cent at least. Repeated experience of tech-
nicians, in observing the effect of shifting known
quantities of ballast on the depth assumed by sub-
marines balanced in strong temperature gradients,
has confinned the reliability of estimates of buoyancy
change due to temperature.

Serious errors in estimating the proper compensa-
tion for temperature changes may arise, particularly
if abrupt temperature gradients are encountered, be-
cause of the location of the blister housing the tem-
perature sensitive element. The hlister has usually
been mounted on the conning tower fairwater, scme
15 or 20 feet above the center of buoyancy. Conse-
quently it does not record the temperature of the
water which is displaccd by the greater part of the
hull, and which determines its buoyancy. This dith-
culty is being reduced in recent experimental installa-
tions by mounting the thermal element at the level
of the bilge keel.

622 Buoyancy as a Function of Salinity

The BT docs not take account of salinity gradients
and may be significantly in error if they are present.
This is the most serious source of error in the instru-
ment. As discussed in Chapter 2 many parts of the
ocean are free of substantial salinity gradients, and if
they are present, some allowancces for these effects may
be made with the aid of the Submarine Supplements
to the Sailing Directions described in Chapter 11.

623 Buoyancy as a Function of Depth

The BT reading of depth usually checks the depth
gauge reading to within 5 feet. No serious error arises
on this account cxcept that occasioned by the location
of the blister remote from the center of bnoyancy.
The determination of compression of individual ves-
sels with precision is difficult. Experience indicates
that individual submarines of a given class do not
usually differ very much, and that better results are
obtained by using an isoballast-line grid designed for
the class, than using a special grid for each vessel.
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Unfortunately several of the submarines first tested
for compression gave abnormally ‘high values, pre-
sumably because of entrapped air, and this led to the
belief that submarines varied in compression more
than they do in fact. Consequently, cards were issued
covering a greater range of compressions than are
necessary and this in turn led to many submarines
receiving and using the wrong card. Standard prac-
tice now provides cards for compressions of 1,400,
2,000 and 3,000 pounds per 100 feet. With proper se-
lection errors in estimates of changes in buoyancy
with depth should not exceed 500 pounds per 100
feet.

624  Buoyancy as a Function of Weight

The predicted buoyancy change can only be
checked, in practice, against the ballast change re-
quired in restoring trim after a change in depth.
Errors in estimating the ballast change arise from the
inaccuracies of the gauges with which ballast water
is measured. As pointed out in Chapter 5 these may
frequently amount to 500 pounds or more. Errors
also arise from the difficulty in determining when net
buovancy is zero. These errors apply to both the
initial trim and that finally achieved after a change
in depth. Even with great care, departures from zero
buoyancy of less than 500 pounds cannot be easily
recognized. Unless the submarine is balanced or is
moving very slowly, the planing forces discussed in
Chapter 9 may conceal the presence of a net buoy-
ancy of 1,000 pounds or more. .

It is consequently believed that, unless substantial
salinity gradients are present, the bathythermograph
predictions are about as accurate as can be taken ad-
vantage of in view of the inaccuracy of the tank
gauges and the trimming operations.

625 Adequacy of Predictions under Service
Conditions

The patrol reports of submarines which have used
the bathythermograph in service contain a number
of testimonials to the adequacy of its predictions such
as the following.

“There was a layer, invariably between 100 and 200 feet out-
side the 100-fathom curve. In each case the layer necessitated
much flooding in to get down and pnmping out to get back
up. The bathythennograph predicted the necessary procedure

nearly every time.”
“it was found that in changing depth from periscope depth

to 300 feet through a temperature gradient, the trim was never
off more than 500 pounds whenever the card indications were
follewed.”

“We checked the bathythermograph on each deep submer-
gence for information of the Diving Officer which enabled him
to adjust his triin so that during search folowing each attack
while we were deep he never had to pump, blow or increase
speed to maintain depth.”

“Cards graduated to 2,000 pounds per 100 feet weve used and
hallast changes indicated agreed very nearly with those actuaily
required. Most dives from periscope depth to 350 feet required
floocting in about 5,000 pounds.”

These reports represent selected testimony from sub-
mariners who have used the BT with understanding
and perhaps under especially favorable circum-
stances. In some cascs where difhiculties have been
experienced the result can be attributed to the pres-
ence of salinity gradients, in other cases to the use of
the wrong isoballast-line grid. Thus one submarine
reported:

“The bathythermograph was very helpful in indicating to
the Diving Officer the presence of density gradients and whether
they were positive or negative. However, it did not give a true
indication of the amonnt necessary to pump or flood.”

This submarine was found to be using cards designed
for compressions of 4,000 to 6,000 pounds per 100
fcet although it belonged to a class of 1,400 pounds
compression. In a group of 49 submarines checked,
it was found that 64 per cent were using the correct
card, 20 per cent were using the wrong card, and 16
per cent were using cards without isoballast lines
whiclt had been issued before the introduction of this
feature.

In order to obtain an overall impression of the
precision of BT predictions under general service
conditions, an examination has been made of BT
records, returned by submarines to the Hydrographic
Office, on which notations of the actual ballast change
made in diving are entcred. From the record itself
the predicted ballast change has been estimated and
compared with that actually made. All cases where
there was evidence of unreliable wims due to high
speed or other cause were eliminated and wherever
the wrong isoballast-line grid was employed the rec-
ord was transferred to the correct grid before the
prediction was made. In some cases it is possible that
the notation on the card was not properly interpreted.

In the case of 307 dives in which about 45 sub-
marines participated the predicted ballast change
agreed with that actually made within the following
limits:

18 per cent shifted the predicted amount of ballast
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49 per cent shifted within 1,000 pounds of the pre-
dicted amount !

71 per cent shifted within 2,000 pounds of the pre-
dicted amount

81 per cent shifted within 3,000 pounds of the pre-
dicted amount

19 per cent shifted over 3,000 pounds more than
the predicted amount

Thus it appears that the chances are about even that
the prediction will fall within 1,000 pounds of the
amount actually shifted. The predictions which err
within this probable error are readily accounted for
by the several sources of inaccuracy which have been
discussed. It seems probable that the larger errors are
in many cases due to poor trims cither before or at
the end of the dive or both. The records of 25 div

which were excluded from this study because they
contained evidence that unsatisfactory trims had
been achieved, chiefly because of high speed, show
that in 18 cases (76 per cent) the ballast change dif-
fered from the prediction by more than 3,000 pounds.
Undoubtedly in many of the dives included in the
study, bad trims were obtained but were unrecorded.

A further breakdown of the data shows that of 253
dives in which the ballast change differed from the
prediction, more ballast was shifted than the predic-
tion called for in 130 cases (51.5 per cent) and less in
123 cases (48.5 per cent). This distribution suggests
the absence of any preponderant systematic error in
the predictions. A closer scrutiny shows, however,
that this result is probably the consequence of two
opposed tendencies.

When the observations made during descent are
separated from those made during ascent it is found
that in descent less ballast is shifted than called for by
the prediction in 55 per cent, more in 45 per cent of
the 157 cases. The tendency to shift less than pre-
dicted is particularly great in descents made under
conditions of unstable buoyancy where pumping is
called for. In 36 such descents less ballast was shifted
in 61 per'cent of the cases; mnore in only 89. There is
thus evidence of a conservative tendency on the part
of diving officers to shift as little ballast as need be,
thus causing ballast changes to tend to be less than
the predictions.

On the other hand, observations made during
ascent reveal an opposite tendency. In 96 ascents it
was found that more ballast was shifted than called
for by the prediction in 63 per cent of the cases, less

in 37 per cent of the cases. This disproportion was due
to the dives made under stable buoyancy conditions
when ballast was pumped out during ascent. In this
group of 73 cases more ballast was pumped than pre-
dicted in two-thirds of the ascents. In 28 ascents in
which ballast was flooded during ascent the amount
flooded exceeded the prediction in 12 cases and was
less in 11. The result may be explained by the fact,
discussed in Chapter 7, that submarines tend to be-
come heavy during deep submergence, from leakage
and cooling of the ballast water. Consequently when
they ascend, additional ballast water must be pumped
to compensate for this gain in weight.

826 Errors Due to Salinity Gradients

It has been pointed out in Chapter 2 that within
the depths accessible to submarines, large areas of the
occan are free of salinity gradients large enough to
scriously affect diving operations. In many other re-
gions, significant salinity gradients are known to
eccur: In order to sec how greatly such gradients affect
BT predictions, two groups of records were selected
from those returned from submarines in service for
further study. One group contained 98 cases in which
the dive occurred in water believed to be free of sig-
nificant salinity gradients; the sccond contained 106
cases in which the presence of salinity gradients could
be predicted from information contained in the Sub-
marine Supplenients to the Sailing Directions. A comn-
parison of these groups with the entire group is given
in Table 2.

Tasre 2. Comparison of Ballast Changes with Bathy-
thermograph Predictions.

Total Salinity Salinity
Difference between group gradients gradients
baltast change and (307 absent present
prediction cases) (98 cascs) (106 cases)
None 18 18 19
Less than 1,000 1 19 60 44
Less than 2,000 ih 71 85 64
Less than 3,000 th 81 89 78
More than 3,000 th 19 1 22
Equal to prediction 18 18 19
More than prediction 42 37 53
Less than prediction 40 45 28

Numbers indicate the percentage of cases in each category.

These statistics indicate that BT predictions are
much more precise under conditions when salinity
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Ficure 15. Frequency distribntion of errors in' bathythermograph predictions m;

A. Based on 98 cases in which ervors due to salinity
gradients were probably absent.

B. Based on 106 cases in which errors duc to salinity
gradients were probably present.

Ordinate—number of cases which fall in each class interval.

gradients arc belicved to be absent. Under such con-
ditions there is a tendency to shift less ballast than is
required by the prediction. The presence of salinity
gradients very definitely decreases the proportion of
errors which fall within any stated limit. These find-
ings arc brought out more clearly in Figure 15 which
shows the frequency distribution of crrors of different
magnitude in the two serics of data. Dives made in the
presence of salinity gradients very definitely show an
increase in the proportion of cases in which more
ballast is shifted than called for by the prediction
based on the BT tracing, and also indicate an increase
in the magnitude of the errors in this direction.
Salinity errors in BT predictions are likely to arise
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circumstances, BT predictions based on the tempera-
ture gradient are quite misleading. This is illustrated
by the fellowing measurements made on a United
States submarine during a dive off the southern coast
of New England near the inner margin of the Gulf
Stream. The hydrograplic situation observed during
this dive is illustrated in Figure 11, Chapter 2.

TEMPERATURE = ]

CONDUCTIVITY |—+[SALINITY

PRESSURE
[ PRESSURE ,L {DEPTH I

BUOYANCY

TasLe 4. Coutparison of Ballast Changes Required to
Maintain Good Trim and Bathytbermograph Predictions
Off Southern New England Coast April 1043,

Ficukr 16. Arrangement of companents of model CXJC
buoyancy recorder.

Frror Buoy-
. ) X A BT in ancy
marine in the Gulf of Maine off Portsmouth, New Keel Salin- Ballast  predic. predic  due to
Hampshire, an arca where strong shallow tempera-  depthTemp. ity change tion tion  salinity
. . . . - P 0 <
ture gradients aceompanied by salinity gradients oc- €9 (/) (/u)  (pounds) (pounds) (pounds) (pounds)
cur in the late summer. The buoyancy changesdueto 99 47 32.99 0 0 0 0
salinity were estimated from chiemical analyses of the 150 411 3201 —2000  —1.200 800 —210
at o ious depths 200 437 3340  —2000 —2200 —200 1,720
water at the various depths. 250 494 3454 —1000 6,800 —5.800 6510
275 513 3488 —1000  —8,100 —7,100  7.910
B TasLe 8. Compatison of Ballast Changes Required to 312 528 3490  —3,000 —9,700 —6,700 8,020
Maintaiu Good Trim and Bathythermograph Predic- 90 426 33.06  —1,500 —600 900 290

tions. Off Portsmouth, N. H., September 1943, . )
Ballast chauges in pounds are cumulative from 90 feet.

Bathythermograph prediction assumes compression of 2,000

Bathy- Buoyancy pounds per 100 fect.
Keel Ballast  thetmograph Error in change due
depth change prediction prediction to salinity
(feety  (pounds)  (pouuds) (pounds) (ponuds) It will be noted that although there is a very large
64 0 0 0 0 error in the prediction, this error is rather closcly
77 7,100 5,000 —2,100 2,600 accounted for by the measured salinity gradient. The
100 8,100 5,500 —2,600 3,070 salinity gradient coincides closcly in depth with th
200 8,100 6,000 —2,100 4,100 V8 y p ¢

temperature gradient, since both arise from the dis-
Ballast changes in poun(!s are cumulative frm‘n G:l feet. continuity of the layers of cold and warm water which
Bathythermograph prediction assumes compression of 1,100 . he d h of al 200 f A y
pounds per 100 feet. occurs at the depth of about 2 )0 feet. Actually very
little ballast change was required, so closely did the |

It may be seen that the BT underestimated the ballast
change by about 30 per cent. The error is rather more
than accounted for by the measuied salinity gradient.
To meet situations of this sort tlie following rule
serves to warn the diving officer of the character of the
errors produced by salinity gradients if present:
When the temperature decreases with depth, the
salinity gradicnt will occur at the same depth as the
thermocline. In making ballast adjustments allow
for greater increase in buoyaucy than the BT record
indicates.
Whenever cold coastal water overlies the warmer
water of an occan current it is certain that a salinity
£ gradient is present, since otherwise the water column
would be unstable and the stratified condition could Ficure. 17. Measuring unit of model CXJC buoyancy .
- not persist, as explained in Section 2.6. Under these recorder,
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effects of temperature and salinity balance one an-
other. At the depths where the gradients were strong-
est, however, the buoyancy actually increased, as
shown by the fact that 1,000 pounds of ballast was
pumped between 200 and 250 f[eet. The submarine

was balanced at this depth in spite of the strong posi-
tive temperature gradient.

Observations of this sort have led to the lollowing
rule for ballast adjustments in the presence ol posi-
tive temperature gradients:

Ficure 18. Model CXJC computing mechanism. The temperature bridge is swung out o give access to parts within.
One amplifier has been removed. :
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When the temperature increases with depth, a
salinity gradient is always present. 1t will at least
counterbalance the influence of temperaturc on buoy-
ancy. The isoballast lines cannot be used to predict
ballast changes. Do not pump more ballast than when
diving in isothcrmal water. The salinity gradient
may be great enough to produce stable buoyancy; in
this case ballast may need to be flooded on descent
and balancing will be possible.

6.3 THE SALINITY CORRECTED
BUOYANCY RECORDER

The model CXJC is an instrument which takes
account of the salinity as well as the temperature of
the water in which the submarinc operates. In order
to determine the ballast changes necessary to keep the
vessel in good trim continuous measurciments of tem-
perature, salinity, and pressure arc made.

The salinity of the water is determined by the
simultaneous measurement of its temperature with
the aid of a resistance thermometer and of its electric
conductance using a conductivity cell. These two
clectrical measurements are combined by means of
suitable computing mechanisms to yicld a voltage
proportional to the effect of salinity on the density of
the water.

The temperature of the water is also converted hy
similar means to yield a voltage proportional to the
effect of temperature on the density of the water.

The pressure of the water acting on a Bourdon
spring controls an arrangement which yiclds a volt-
age proportional to the cffect of compression with
depth on the buoyancy of the submarine.

The three resulting voltages are combined to actu-
ate a servo motor which moves the writing point of
the buoyancy recorder horizontally in proportion to
the change in bunoyancy resulting from both the
change in density of the water and the compression
effect with change in depth.P

The system is shown schematically in Figure 16.

The CXJC is designed to include a second record-
ing instrument which through similar mechanisms
combines the temperature and conductivity measure-

b The integration of the density function of temperature and
the density function of salinity depends upou the approxinui-
tion that the density function of temperature is the same at any
salinity and that a given change in salinity has the same cffect
on density at any temperature, This assumption is not quite cor-
rect and leads to some error when measurements are made over
very large ranges in temperature or salinity.

Fireure 19. Model CXJC huoyancy recorder.

ments to write a graphic record of sound velocity as a
function of depth. The details of the sonar recorder
need not concern us, however.

The measuring unit of the CXJC, which consists of
a resistance thermometer bullb and a conductivity
cell, can be mounted cither in a line of circulating
water within the vessel or external to the hull. (See
Figurc 17)) In the former position water is pumped
through the cell and may be drawn from near the
level of the center of bnoyancy, which is the appro-
priate position in respect to buoyancy estimations.
The internal position is advantageous since it per-
mits ready cleaning to remove fouling growths. The
external cell may be mounted high on the shears in a
position favorable for securing information on sonar
conditions close to the sca’s ...«face and for obtaining
advance information on buoyancy conditions during
ascent. An external cell has also been designed which
can be mounted at the lower end of a pipe passing
downward through a main ballast tank so as to
emerge at the level of the hilge keel. The pipe permits
the measuring unit to be withdrawn for cleaning
when the submarinc is surfaced. The measuring units
in the external positions depend on the motion of
the vessel to force water through the conductivity
cells.

The computing mechanisms are assembled for the
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2,000 pounds per 100 feet, diving from periscope
depth in water isothermal to 260 feet below which
depth a strong density gradient is encountered. The
part of the record sloping to the right from 50 to 260-
foot depth indicates the result of compression, the
sole influence on buoyancy while in water of uniform
density. At 260 fect the submarine should p:canp 4,000
pounds to restore good trim. The record indicates
that at 300 feet the buoyancy of the submarine would
be the same as at periscope depth and no ballast ad-
justment would be required. To be in trim at 400
fect, the submarine should flood 12,000 pounds. This
record is very much easier to interpret than tnat of
the earlier types of bathythermograph. An experi-
mental CX JC has been given prelimminary tests. The
results indicate that it will predict ballast changes as
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Ficure 20, Chart used in mode] CXJC buoyancy recovder
showing sitmulated bnoyancy trace. Rednced to 14 natural
size.

most part in a separate case which can be located
wherever convenient. (See Figure 18.) The recorders
are kept as compact as possible so as to be suitable for
mounting on the diving-instrument pancl.

The buoyancy recorder is pictured in Figure 19.
1t carrics controls whieh permit recording to be
switched from one ol two alternate positions of the
measuring units, i.e., fron1 the shears to the center
of buoyancy position. An automatic adjustment as-
sures that the record will always show the condition
of buoyancy at the depth where the mcasurement is
made, irrespective of the position on the hull of the
measuring unit.

An adjustment is provided so that the magnitude
of the influence of compression with depth can be
varied. The same instrument and card thus can be
used with vesscls of any compression.

The position of the pen which records the buoy-
ancy is normally adjusted so that a zero sctting may
be made whenever a good trim is obtained. Subse-
quent buoyancy changes arc thus indicated directly
and can be used as a guide for ballast changes. This
arrangement permits an expanded scale of good legi-
bility to be used over the fnll range of density to be
found in fresh or salt waters.

Figure 20 shows the card used in the buoyancy
recorder of the CXJC. The record is drawn as it
would appear for a boat of compression equal to

accurately as the submarine can be trimmed and its
compression adjustment can be set. Table 5 shows the

TasLe 5. Comparison of Buoyancy Changes Recorded by
CXJG and Those Calenlated from Measnrements of Tem-
peratnre and Salinity.

Bnoyancy change

Temperalure  Salinity pounds
F o Calenlated  Recorded Dillerence
35.5 31.51 0 0 0
36.2 30.88 2,700 2,600 +100
36.9 30.61 4,320 4,200 +120
38.1 29.23 9.720 10,200 —480
38.4 26.21 23.220 22 800 +420
10.6 2265 38,870 38,600 +270

precision with which the buoyancy indications fol-
lowed that of the sca water during a surface run
through waters varying greatly in salinity.

Table 6 shows a comparison of ballast changes and
buoyancy predictions during scveral experimental
test dives in water in which strong salinity gradients
were present.

Tansrk 6. Comparison of Ballast Changes with Predictions
of CXJC.

Depth —feet Ballast change — pounds

cxXjc Actnal
From To prediction change Difference
60 400 -+6,000 + 5,000 1,000
100 200 0 0 0
200 100 —2,000 —2,000 0
60 400 -+2,000 +2,500 500
400 100 —1,000 -1,300 300
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Chapter 7

CHANGES IN BUOYANCY DURING PROLONGED
SUBMERGENCE

UBMARINES tend to become heavy during submerg-
Sence. The effect is referred to as “soaking up” and
is attributed to losses of air from the interstices of
pervious structures such as woodwork and rope or
cable and from the multiplicity of crevices in which it
might be entrapped. How great the effect of such
entrapped air may be is unknown. There are, how-
ever, at least three other sources of lost buoyancy
during submergence: (1) the permanent set of the
hull due to compression, (Z) leakage, and (3) cooling
of the hull, ballast water, and fuel oil.

The prevalence and magnitude of the soaking-up
effect is indicated by records of ballast changes made
hy submarines in service. In a group of 68 dives made
by 13 different vessels in which the ballast change on
both descent and ascent was reported, more ballast
was pumped than was flooded in 49 cases; in only 7
dives, more was flooded than was pumped. In 12
dives nearly the same amount was shifted in descent
and ascent, but this included 8 cases in which no

NUMBER OF CASES

4 -4 -5 -8
BALLAST FLOODED MINUS BALLAST PUMPED
THOUSANDS OF POUNDS

Froure 1. Frequency distribution of difference between
ballast change on descent and on subsequent ascent by
submarines in service, Ordinate—number of cases; ab-
scissa—class intervats of 1,000 1ty difference.

ballast was shifted. Figure 1 shows the frequency with
which the ballast flooded differed fromn that pumped
by various amounts. It shows that commonly the
soaking-up eflect amounts to about 2,000 pounds and
that occasionally much larger eflects are experienced.

These reported dives were made for the most part
in water in which considerable negative temperature
gradients were encountered and the result may be
due in part to a gain in weight resulting from the
cooling of the ballast water. However, in the dives
made in the absence of such gradients, the same dis-
crepancy between the amount of ballast flooded and
pumped existed which cannot be accounted for in
that way. )

Information on the prevalence of lost buoyancy
during submergence is given also by the results of
compression tests in which the apparent compression
on descent is compared with the value obtained on
ascent. If the submarine is hecoming heavier from
any cause during descent, more ballast will need to be
pumped to obtain good trim at the greater depth
than is required by the true compression and by the
density gradients which may be present. Conse-
quently, the compression estimate will be oo high.
On ascent, on the other hand, less ballast will be
flooded and the compression estimate will be too low.
The difference between the compression estimates on
descent and ascent consequently gives a measure of
the change in buoyancy during the dive.

Analysis has been made of 53 dives, made in the
course of deep submergence tests on new construc-
tion submarines, in which compression was estimated
both on descent and ascent. The difference between
the estimates is presented as a histogram in Figure 2
which shows the number of dives in which the com-
pression on descent exceeded that on ascent by vari-
ous amounts. The mean difference is 1,200 pounds,
the median difference 1,000 pounds, and the modal
difference 600 pounds per 100 feet. When the data
are separated into “good” and “poor” tests on the
basis of the observers’ judgment, it appears that the
poor tests account for many of the large differences.
This is explained by the fact that poor tests fre-
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quently arise from hasty erims on the return to peri-
scope depth and that tests arc judged poor if leakage
is excessive. The good tests, however, show that the
compression estimate is usually larger on descent
than on ascent.

Further analysis of this data has failed to show any
clear indication that the differences in compression
estimates are related to the duration of su bmergence
although this is 10 be expected. There is some slight
suggestion that greater differences are obtained if
dives are made into negative temperature gradients
than in isothermal water or into positive gradicnts as
is to be expected if cooling leads to a loss of buoyancy.

Theresults of this study are summarized in Table 1.

Tasee 1. Dilference in Compression on Desceut aid Ascent.
(pounds per 100 leet)

Nwmnber

of tests Mcan Median Mode

All tests 53 1,200 1,000 600
AN GOOD tests 30 800 500 500
All POOR tests 13 1,900 1,700 *

Duration of dive

Al tests
Less than 2 hours 20 1,000 1,000 1,000
More than 2 hours on 1,300 1,000 4
GOOD tests
L.ess than 2 hours 11 700 500 *
More than 2 hours It 800 500 *
Temperature gradient
All tests
Negative 23 1,400 1.200 700
Isothermal or positive 27 1,000 800 200
GOOD tests
Negative 1 1.000 =
Isothermal or positive 18 600 500 *

* Indeterminate,

7“1  PERMANENT SET OF HULL DUE
TO COMPRESSION

Batten measurements have been made on subma-
rines during the initial deep-submergence tests con-
ducted in Lake Michigan off Manitowoc, Wisconsin.
These measurements have shown that there is a per-
manent set of the pressurc hull, when a submarine
first submerges to the test depth, which decreases its
diameter 0.01 inch on the average. This corresponds
to a difference in buoyancy of approximately 200
pounds per 100 feet. The compression tests listed
above were conducted on submarines during the ini-

I'"ll—

ALl TESTS N

NUMBER OF CaSES

ol i "GO0 TESTS

=¥ L ] 5 A 2 33 39
DIFFERENCE IN COMPRESSION
Ficurr 2. Frequency distribution of differences between
compression estimates made on descent and ascent. The
differences represent compression on descent minus com-
pression on ascent. ‘The dilference in compression is
shown in units of 100 1b; the class intervals correspond-
ing to 600 ib.

tial deep submergence, although some boats had sub-
merged previously to 200 or 300 feet and almost ail '
Liad been to a depth of at least 100 feer. The range in
depth during the compression tests averages about
300 feet. The permanent set of the pressure hull,
therefore, can be expected to account for as much as
200 pounds of the difference in compression during
the descent and ascent noted above. This effect ac.
eounts for only a small part of the difference noted
in the “good tests” of new submarines being tested
for compression. It scemns unlikely that it is an im-
portant factor in the soaking up of submarines in
service which previously have made repeated dives to
considerable depths.

72 LEAKAGE

Submarines almost always leak somewhat. New
vessels undergoing preliminavy trials frequently leak
severely as may those which have been damaged dur-
ing service. The rate of leaking increases with depth
and may be 10 or I2 times as great during deep sub-
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mergence as at periscope depth. While it is impossible
to make any quantitative generalizations in regard to
rate of leakage, since this depends on the condition of
the particular vessels, it is probable that leakage is
often the principal factor causing submarines to be-
come heavy during submergence.

73 COOLING OF HULL, BALLAST WATER,
AND FUEL OIL

When a submnarine descends into a temperature
gradient, cooling of the hull, ballast water, and fuel
oil may be expected to produce a loss in huoyancy. As
a result, ballast may need to be pumped from time to
time during a prolonged stay at deep submergence to
retain good trim. If this compensation is not made,
the ballast change required on returning to periscope
depth will differ fromn that made in descent, and more
ballast must be pumped out, or less flooded in, to
regain good trim. After returning to the layers of
warm water near the surface, a submarine which has
cooled off during deep submergence will become
lighter as it warms up and subsequent adjustments of
trim may he required.

In order to estimate the magnitude of these effects,
it is convenient to divide the displacement of the sub-
marine into three parts, each displacing about 1.8 x
10¢ pounds.

1. The displacement of the ends of the vessel which
are exposed directly to the temperature of the sea
water.

2. The displaccment of the midpart of tlic pres-
sure hull which is protected from the temperature of
the sea by the main ballast and fuel tanks.

3. The displacement of the main ballast and fuel
tanks.

The coefficient of linear thermal expansion of stecl
is 5.84 x 10-% per degree ¥; consequently, the coeffi-
cicna of cubic expansion of a steel structure will be
17.5 x 10—¢ per degree F.

Consider first the immediate effect of entering
water of lower temperature. It may be assumed that
the exposed steel will at once acquire the temperature
of the water but the temperature of the ballast water
and fuel oil will remain unchanged. The contraction
of the ends of the subinarine will result in a decrease
in buoyancy of 17.5 x 10-5 x 1.8 x 10 or 31.5 pounds
per degree F. 'I'he displacement of the pressure hull
within the ballast tanks will remain unchanged. The
contraction of the walls of the ballast tanks will cause

some change in their displacement, but this will be
almost exact]y balanced by a loss in weight which re-
sults from the escape of an equal volume of water
from the openings in the bottom of the tanks and the
vents. Consequently, only the contraction of the ends
of the submarine will contribute to the immediate
loss in buoyancy and this will amount to ualy 31.5
poutids per degrec F. This effect will not be detect-
able unless the temperature change exceeds 16 F and
will never become important.

If the submarine remains in the water of lower
temperature, the ballast water and fuel oil will be-
come colder and more dense as the result of heat
transfer through the walls of the tanks and because
of an exchange of water between ballast tanks and
sea by way of the available openings as the result of
convection. When these processes have come to an
end and the submarine is in thermal equilibrium
with the sea water, the huoyancy will have decreased
still further.

As the result of cooling the walls of the mid-section
of the pressure hull within the ballast tanks, the dis-
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Ficurr 3. Relation between quantity of fuel oil carried
and the change in buoyancy, as a result of cooling, of a
submarine of 2,400 tons submerged displacement. Com-
plete thermal equilibrium between the sea water und the
contents of the bullast tanks is assumed.
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42 CHANGES IN BUOYANCY DURING PROLONGED SUBMERGENCE

placement will decrease 17.5 x 10-6 x 1.8 x 108 or 31.5
pounds per degree F.

As a result of the cooling of the ballast water and
fuel oil, the weight of the vessel will increase and the
net buoyancy will be decreased accordingly. The
change in density of the water per degree depends
upon the temperature as indicated in Section 4.5. At
60 F it amounts to 0.000124 per degree F. Conse-
quently, if the fuel oil tanks as well as the main bal-
last tanks were filled with sea water, the net buoy-
ancy would decrease 0.000124 x 1.8 x 108 or 223
pounds for each degree decrease in tcmperature,

The change in net buoyancy when a submarine
attains thermal equilibrium at a temperature 1 F
lower than that previously obtaining, assuming that
all external tanks are filled with water, is summarized
in Table 2. h

/

TAsrE 2. Change in Nt Rikcyituy of a Submarine of
2,400 Tons. Submerged Displacement Due to a Tem-
perature Change of 1 F,

Temperature F 40 60 80

—Ap/F 0.000060 0.000124 0.000175

Decrease in Buoyancy
(pounds per F)

Immediate cooling of ends  31.5 . 31.5 31.5
Final cooling of mid-section 31.5 31.5 31.5
Final coohing ol 800 tons ol

batlast water 108.0 223.0 315.0
Total 171.0 286.0 377.0

The change in net buoyaney duc to cooling of Tuel
oil is greater than that due to cooling of an equivalent
amount of ballast water. The average change in den-
sity per degree for fuel oil of the specific gravity used
is —0.0004, considerably more than for water. The
maximum capacity of the Normal Compensating
Fuel Oil Tanks of a representative fleet-type subma-
rine is approximately 195 tons of fuel oil. The maxi-
mum total fuel oil capacity is approximately 350 tons
ol fucl oil. Figure 3 shows the total chauge in buoy-
ancy per degree due to all causes for a submarine
with 2,400 tons displacement and having different
amounts of fuel oil aboard, from 0 to 400 tons, This
graph assumes that thermal equilibrium has been
attained, a condition which rarely exists.

It is evident from Figure 8 that substantial trim
adjustments will be required to compensate for the
ellects of cooling if a submarine dives into water
more than 4 or 5 degrees ¥ colder than that from

which it is in equilibrium at the start. The more fuel
oil aboard, the more pronounced will be the loss of
buoyancy due to cooling. The effects will be particu-
larly pronounced if the water and fuel oil in the tanks
is warm, i.e., when operating in the tropics or in late
summer.

The influence of the various effects of cooling on
the buoyancy of a submerged submarine is illustrated
in Figure 4. Curve A illustrates the way in which
buoyancy changes as the result of the effect of tem-
perature on the density of the displaced water, assum-
ing no change in the displacement of the submarine.
Curve B is corrected to include the immediate change
in buoyancy due to the contraction of the ends of the
hull which are not protected by the ballast tanks.»
Curve C shows the relative buoyancy of the subma-
rine with ali-main ballast and fuel oil tanks filled
with water and assuniing this ballast water to be in
thermal equilibrivm with the sea at each tempera-
ture. Curves D, E, F, and G show relative buoyancy
in thermal equilibrium with various amounts of fuel
oil aboard.

The change in buoyancy arising from the cooling
of the contents of the ballast tanks is related to the
change in buoyancy which the vessel experiences
when it first changes depth, since both depend on the
changs' it turaporniome sneounivered | Bowghly spesk
ing, since the ballast tanks account for one-third the
total displacement, one-third of the increase in buoy-
ancy encountered on diving into colder water will be
lost as the contents of the tanks cool. Consequently,
about one-third ot the ballast flooded in during a
descent may need to be pumped out again as the
cooling takes place.

While this may serve as a useful working rule in
anticipating the effects of cooling during prolonged
submergence, it is not very precise. More exactly, the
juantity of fuel oil preseot fo il Salbast gmober sl
the effect of compression on buoyancy must also be
taken into account. The fundamental relations are as
follows:

Let: AW, = change in weight due to cooling of bal-
last tank contents.

R = fraction of displacement, ¥, occupied
by ballast tanks.

¥ Since this effect is small, it has not been taken into account
in buoyancy calculations or in the design of bathythermographs.
With improvements in the art of trimming submarines, it may
become desirable to do so.
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Ticure 4. Effect of temperature on the buoyancy of a submarine of 2,100 tons submergéd displacement:
A. Assuming no change in displacement of hull due to cooling. h
B. Allowing for immediate cooling of stecl of ends of hull.
} C. Allowing for thermal equilibrium between sea water and content of ballast tanks and assuming 800 tons dis-
: placed by ballast tanks to be occupied by sea water.

D. Same but assuming 100 tons of fuel oil to be present in hallast tanks;
E. Same but assuming presence of 200 tons of fuel oil.

F. Same but assuming presence of 300 tons of fucl oil. .
G. Same but assuming presence of 400 tons of fuel oil.
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44 CHANGES IN BUOYANCY DURING PROLONGED SUBMERGENCE

r = fraction of displacement, ¥, occupied
by fuel oil ballast.

R — r = fraction of displacement, V, occupied
by sca water ballast.

Ap: = change in density of sea water due to
" cooling.

Ap'y = change in density of fucl oil due to
cooling.
Then:

(R-")V Ap, = change in weight duc to cooling of sca
water ballast.

1V Ap’, = change in weight duc to cooling of fucl
oil ballast.

Therefore:

AW, = (R — V) VAp, +1VAp,. )

1f K equals average ratio of Ap’; to Ap, over the tcm-
perature range in qnestion then:

Lip's = Kip;.

Equation (1) may then be written:
AW, =[R + (K=1)r] VAp,. (2)

In order to comparc the change in weight due to
cooling with the change in ballast, AW, required to
adjust buoyancy at the time of the dive, we may write
cquation (5), Section 3.3 as:

AW =FPAp + CAZ, ®)

substituting Ap, for Ap,, since salinity effects must be
left out of account. Combining equations (2) and (3):
AW, =[R + (K=1)r] (AW — CAZ). )

In order to see the numerical meaning of equation
(4) we may take R = 1/3. Depending on the amount
of fucl oil carried, » = 0 10 1/6. K = about 4 at a
temperaturc of 60 F. Consequently, if the ballast
tanks are completely filled with sca water the increase
in weight due to cooling will eqnal one-third the bal-
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with vents open and closed, during deep submergence in
a negative temperature gradient and after relmm to peri-
scope depth.

last flooded during descent plus one-third the gain in
weight due to compression. 1f the fuel tanks contain
the maximum amount of fuel oil then R + (K—1)r
cquals 5/6. The increase in weight duc to cooling will
equal 5/6 the ballast looded during descent plus 5/6
the gain in weight due to compression. It may be seen
from this that without taking the quantity of fuel oil
into account, an exact allowance for the gain in
weight due to cooling cannot be made.

The importance of cooling ballast water and fuel
oil will be discussed further in connection with stable
buoyancy in the following chapter.

The rate of cooling or warming of ballast water
which occurs when a submarinc is exposed to a differ-
ent temperature depends on whether the vents of the
ballast tanks are closed or open, and probably also on
whether the ballast water is colder or warmer: than
the surrounding sea water. If the vents are closed,
heat transfer is limited by the rate of conduction
through the steel wall of the ballast tank and by the
ratc of mixing of the water within the tank. If the
vents arc open during descent, convection causes the
ballast water to escape from the tanks through the
vents to be replaced by sea water at the temperature
of that surrounding the hull. On ascending into
warmer water, colder ballast water can escape
through the larger openings in the bottom of the
tanks as the result of convection even though the
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vents are closed.? The rate of cooling of the fuel oil
is limited by conduction through the wall of the tank
and by the rate of mixing of the fuel oil within the
tank.

The results of an experiment to test the rate of
change of the temperature of the ballast water are
illustrated in Figure 5. The tests were conducted with
a United States submarine in the Gulf of Panama in
March 1943 when a temperature gradient of about
12 F was present. On submerging, the submarine
filled the ballast tanks with water of 72.5 F and after
coming to trim briefly at 53 and 120 feet finally lev-
eled off at 220 feet depth where she remained for 1
hour. During this dive the temperature of water
drawn from the inboard vents of the safety tanks was
measured, as well as that of the surrounding sea
water, drawn from a pressure line in the forward tor-
pedo room. The outboard vent of the starboard
safety tank was kept shut during the test, that of the
port tank was left open.

The results show that in the tank with the out-
vboard vent closed the temperature of the water
changed very slowly. The rate is only 1.5 F per hour
during the period when the temperature difference
is 10 F. In the tank with the outboard vent open the
temperature change is very much more rapid. The
temperature difference has been reduced by 80 per
cent after 55 minutes in the colder water at 220 feet
keel depth. On returning to the warmer water near
the surface the tank with open vent warmed much
more rapidly than it cooled during descent.

The difference in the rate of temperature change
in the tank with open vent on descent and ascent is
explained by the position from which the samples of
water were drawn. The inboard vents are iocated at
the top of the ballast tanks. On descent the warmer
water of the tank escapes from the outboard vent and
it is not until the colder water, entering at the bottom
reaches the top, that its effects are felt. On ascent, on
the other hand, warm water flows into the tank
through the outboard vent under convective forces

b It must be assumed that if a submarine descended into a
density gradient due to salinity, convective forces would pro-
duce changes in the weight of the ballast water if the vents are
open, bit no information is availahle on this situation.

and at once reaches the point at which the samples
are drawn. ;

This consideration indicates that the method em-
ployed is not very satisfactory. More useful results
could be obtained by holding the submasine at con-
stant depth below a thermal gradient and carefully
determining the ballast adjustments required to
maintain stop trim at that depth from tine to time,
or by observing the rate at which a submarine sinks
while balanced in a thermocline, under conditions
such that the buoyancy of the surrounding water can
be adequately measured.

These experiments show quite satisfactorily, how-
ever, that the rate of cooling of the ballast water is
very slow if the vents are kept closed and that a sub-
marine may become markedly heavy within less than
an hour if the vents are open. Consequently, when-
ever it is necessary to remain at depth for some timne
without operating the trim ballast pump, the vents
should be closed unless other considerations require
that they be left open.

Four observations on the loss of buoyancy due to
cooling have been made on fleet-type submarines
operating in the Key West area and are recorded in
Table 3. The submarines remained submerged at

TasLe 3. Loss of Buoyancy Due to Cooling During Deep

Suhmergence. B
Temperature Decrease
decrease Ballast in
Duration of Surface  at depth of change  buoyancy
submergence temp. submergence (pounds) (ibperF)
5 hrs. 30 min. 71e 40 —4,100 1.033
3 hrs. 30 min. 68° 8o ~3.400 425
5 hs. 10 min. 540 7e —5,800 830
No record 74° 6° —~4,500 750

some depth for several hours during which the bal-
last change required to main trim was recorded. If
these results are compared with the values in Figure
3, it will be seen that the change in buoyancy per
degree is greater than that predicted from Figure 3.
The difference is probably due to leakage. There is
no information on the amount of fuel oil aboard dur-
ing any of these tests. .
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Chapter 8

STABLE BUOYANCY

IF THE density of the sea water is very nearly uni-
form a submarine will become heavier as it de-
scends or lighter as it ascends because of the effect of
compression. Any small deviation from the depth at
which net buoyancy is zero will produce changes in
buoyancy which cause the vessel to move in a direc-
tion which leads to still greater changes in buoyancy.
Consequently, no matter how carefully trim is ad-
justed to secure neutral buoyancy, constant attention
is required to hold the submarine at the desired
depth with the use of the diving planes. Under these
conditions buoyancy is unstable.

In contrast, if the density of the sca water increases
with depth sufficiently, the influence of compression
on buoyancy is outweighed by the density gradient
and the submarine becomes lighter as it descends and
heavier as it ascends. Any small deviation from the
depth at which net buoyancy is zero will produce
changes in buoyancy which cause the vessel to return
to its original depth. Consequently. the submarine
will hold automatically the depth for which it is
trimmed. If the vessel is not exactly in wrim, it will
tend to scek the level at which net buoyancy is zero.
Under these conditions buoyancy is stable.

It is a great advantage to be able to recognize the
depths at which buoyancy is stable, since by seeking
these depths the submarine can be controlled with
greater ease. The submarine may be actually brought
to a stop and allowed to float in the density layer
without use of the planes to control its depth: this
operation is known as balancing.

Two conditions of stable buoyancy may be dis-
tinguished. The first we may call smmediate stability.
1t refets to a submarine which has been brought to its
depth from a region of different temperature and as
a result is not in thermal equilibrium with the sur-
rounding water. Such a vessel will tend to hold its
level for a time, but as the ballast water changes its
temperature, its weight changes and the submarine
will tend to sink or rise slowly depending on whether
the ballast water is cooling or becoming warmer. The
condition is not strictly a stable one and might better
be described as pseudo-stability.

The second condition of stable buoyancy obtains
after the submarine has come into complete thermal
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Ficurr 1. Temperature trace illustrating condition when
inunediate stability exists between depths A4 and B.

equilibrium with the surrounding water. We will
call this permanent stability, since the vessel will now
hold its position in a sufficient density layer indef-
nitely.

8.1 IMMEDIATE STABILITY

The conditions for stability are fulfilled whenever
AB/AZ hasa positive value. 1fa submarine is in good
trim at some depth, Z, and no change in ballast is
made and time is not permitted for the ballast water
change temperature, it follows from equation (4),
Section 3.2 that the change in buoyancy on chang:
ing depth is given by:

AB/AZ =V ip /D2 + C.

Remembering that C is a negative number, it is evi-
dent that the conditions for immediate stability are
fulfilled when:

Vap/aZ> — C.

Since VAp,/Z is represented by the slope of the
temperature tracc on the bathythermograph card and
—C is represented by the slope of the isoballast lines,
it follows that at any point where the temperature
trace is inclined from the vertical more than the iso-
ballast lines passing through the tracing at that point,
immediate stability exists. (See Figure 1.)

By reference to Section 3.3, it may be seen that the
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Ficuke 2. Diagram illustrating the change in depth of a
subim:irine which when in 1rim at A4 descends and bal-
ances at B and subsequently becones heavier as the result
of cooling.

condition for immediate stability corresponds to that
in which ballast must be flooded as the submarine
descends. Consequently, wherever a submarine finds
that ballast must be flooded in order to descend in
trim it is passing through a region of stable buoyancy.

8.2 PERMANENT STABILITY

In order to define the conditions for permanent
stability, consider a submarine changing depth so
slowly that the ballast water is at all titues in thermal
equilibrium with the surrounding water. If the fuel
oil ballast tanks were filled with sea water, the buoy-
ant force due to the displacement would be due solely
to the displacement of the pressure hull, since the
weight of the ballast water is at all times equal to the
weight of the water displaced by the main ballast
tanks. The small changes in buoyancy resulting from
the thermal contraction of the steel hull may be
disregarded.

1f R equals the fraction of the submerged displace-
ment, F, occupied by the ballast water, then the
¢hange in buoyancy resulting from any change in
depth, AZ,isgiven by (1—R)VAp/AZand AB[AZ=
(1—-R)YVAp, | AZ+ C. Conditions of stable buoyancy
are now fulfilled wherever:

Viap [AZ > —C[(1 — R).

Since R equals about 1/3, stability obtains when

Fieere: 3. Diagram illusiraling condilion when perma-
nent stability does not exist.

Vp,n7Z is greater than — 1.5 C. This means that
wherever the temperature trace is inclined to the ver-
tical more than 1.5 times the inclination of the iso-
ballast lines, buovancy is permanently stable.

1t is possible to draw lines on the bathythermo-
graph chart which define by their slope the condi-
tions of permanent stability in the same way that the
ordinary isoballast lines define the conditions of -
mediate stability. They may be called lines of perma-
nent stability. They represent conditions of equi-
librium in respect to both temperarure and buoyancy.
Their inclination is 1.5 that of the isoballast lines.
Such lines have found no use in practice as yet but
they are helpful in considering buoyancy problems.

Example: 1n Figure 2, suppose a submarine in uim
at point A where its ballast water is at the tempera-
ture T, descends without changing ballast. On reach-
ing the depth of point B it will again be in trim, since
at that depth the loss in buoyancy due to compression
CAZ cquals the gain in buoyancy VAp, resulting
from the thermal gradient. Since the temnperature
trace is inclined to the vertical more than the isobal-
last line, immediate stability exists and the submarine
may balance at B. In this position, however, the sub-
marine is surrounded by water of temperature T
which is colder than the ballast water. The cooling
of the latter will cause a small increase in weight AW
and the submarine will sink through the depth AZ
nntil it is again in balance. This process will be re-
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peated and the point representing the condition of
the vessel will move downward along the tempera-
ture trace until Gis arrived at; there the ballast water
will be in thermal equilibriumn with the sea and no
further changes in weight will result from cooling
and the submarine may balance indefinitely at the
depth of point C.

By this graphic procedure an idea can be obtained
as to how deeply a balanced submarine will settle as
it cools and whether there is likelihood that it will
“fall through” a given density gradient. Thus, it may
be seen from Figure $ thac if the temperature trace
does not cross the line of permanent stability which
originates at the point at whicli the subinarine was
originally in thermal equilibrium, A, then the sub-
marine will never come into thermal equilibrium but
will settle until it reaches the point C below which
€ven temporary stability does not obtain.

From consideration ol these examples it is evident
that the following rough rule indicates when a bal-
anced submarine is in danger of ultimately sinking
through a density layer as the result of cooling.

If at the depth of a balanced submarine, or at some
greater depth, the temperature trace is not inclined
to the vertical 114 times more than the isoballast lines
which cross it, then permanent stability will never be
reached and the submarine will ultimately sink below
the density gradient.

Unfortunately, the high coefficient of thermal ex-
pansion of fuel oil, and the variable quantity of oil
which is carried from time to time limits very grcatly
the utility of this rule. Fuel oil will increase in den-
sity on cooling much more than the sea water which
it displaces, particularly at low temperatures at which
the thermal expansion of sea water is relatively small.
Consequently if wmuch fuel oil is present and if the
temperature of the sea water is low, much stronger
temperature gradients must be present to ensure per-
manent stability than are indicated by the foregoing
discussion. Indced permanent stable buoyancy may
be an impossibility. Reference to Figure 4, Chapter
7,shows  tat low temperatures, subniarines carry-
ing 200 .oas of fuel oil or more actually lose buoy-
ancy as the temperature of the water with which they
are in equilibrium decreases. Under such conditions
AB/AZ would bave negative value in a negative
temperature gradient and bnoyancy would be un-
stable. However, since the rate of cooling of the fuel
oil must be very slow, as judged by the rate of cooling
of ballast water when the vents are closed, these

effects of fuel oil on stable buoyancy will not becone
important unless balancing is continued for 2 long
time, |

Up to the present time no precise information is
available on the rate and degree to which submarines
actually sink when balanced in temperature grad-
ieuts, though the fact that they become heavier while
submerged is well established. The foregoing con-
siderations are entirely theoretical and have been in-
troduced into submarine doctrine only to the extent
of a warning that balanced submarines are liable to
settle through the thermocline as the result of cooling
and that density gradients of less than 3,000 pounds
per 100 feet are unreliahle for balancing. It is, of
course, pointed ont that danger ol falling through is
Ieast if balancing is attempted near the upper limit
of the temperature gradient, and if the main ballast
tank vents are kept closed during the operation.

8.3 BALANCING

In the past the operation of balancing has been re-
garded as a stunt, so unreliable that the practice has
been officially discouraged. This prejudice arose from
the fact that no means were available to indicate
whether the submarine could expect to balance or
not, and submarines were balanced only accidentally
when their movements were checked by encountering
heavy density layers or when they happened to come
to trim in a region of stable buoyancy. It also hap-
pened sometimes that submarines attempting to bal-
ance without adequate knowledge of the density con-
ditions would unexpectedly begin to sink, and as a
result fear was always present that the vessel would
fall through the density layer and get out of control.

The bathythermograph has provided a reliable
means of predicting whether balancing is possible, at
what depths it is feasible, and what margins of safery
exist when balanced at any depth. Sinee its introduc-
tion, scores of submarines have recorded the opera-
tion in their patrol reports, occasionally under con-
ditions in which it was of great value. In one case a
submarine reporis balancing lor as long as 17 hours.
The uses of the maneuver will be discussed in Chap-
ter 10. Here it is sufficient to report that conditions
where balancing is possible are much more frequent
than was formerly rcalized and that the strength of
the requisite gradients appears to be smaller than was
anticipated.

While the possibility of balancing depends upon
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the rate at which the density of the water increases
with depth, VAp,,/AZ, and the security depends on
the extent of the gradient below the vessel, as dis-
cussed above, the easc of bringing the submarine into
balance at any particular depth depends on other fac-
tors. To balance at all in the density gradient, the sub-
marine must be brought into stop trim for some
depth at which buoyancy is stable, that is between the
points A and B in Figure 1. The greater the change
in buoyancy within the limits of stable buoyancy, the
more casily will the snbmarine be trimmed correctly
for balancing. Actually, submarines have been bal-
anced in gradients in which the buoyancy was stable
through only a range of 500 pounds. Since this is close
to the limit of accuracy of trimn adjustments, success
depended somewhat on luck. It should, however, be
quite casy to bring a submarine to balance in a grad-
ient of 2,000 or 3,000 pounds range of stable buoy-
ancy.

Where operation at a particular depth is at issue,
the greater the buoyancy change per unit depth, the
more casily is depth held since large changes in
weight cause only small changes in depth On the
oiher hand, a submarine balanced in a sharp density
gradicnt is in greater danger of falling through than
in onc cxtending over greater depth, since in the
former case it is given less warning by change in depth
that its buoyancy is decreasing. B

8.4 THE RATE OF SINKING IN
UNSTABLE BUOYANCY

Much of the prejudice against balancing which
previously existed arose from the belicf that on sink-
ing below the density gradient, a submarine would
becone heavy so rapidly that it was in danger of get-
ting out of control. This was based in part on the
known cff -t of compression in decrcasing the buoy-
ancy of a submarine as it went deeper. It was also
based on the erroneous belief that the buoyancy of
the water decreased below the “density layer.” In
order to test this hazard, experiments were made in
which a balanced submarine was deliberately caused
to sink through the density gradient by flooding in
successive small quantities of ballast until it was no
longer in stable buoyancy. When 500 or 1,000 pounds
of ballast were flooded in while the submarine was
balanced near the lower limit of the thermocline, it
sank at a rate of about 2 feet per minute. When it
reached the unstable water pelow the thermocline,

its rate of fall increased rapidly, as recorded in
Table 1. -

Tapre 1. Rate of Sinking of Submarine When out of Trim.

Anount heavy Rate of fall
pounds feet/minute
500 3.3
1,000 6.6
3,100 30.0
12,000 50.0

Unless grossly out of trim, the submarine could
casily be brought back into balance at the proper
depth. Even when 3,100 pounds heavy and sinking
30 fcet per minute, it was possible to pump out the
excess ballast and bring a submarine into balance in
the thermocline again. When 12,000 pounds heavy
and falling 50 feet per minute the vessel was brought
back into balance by blowing ballast from the nega-
tive tank which had been flooded. In neither case was
it necessary to start the motors to regain control.

It was always possible to check the descent of the
overweighted submarine and bring it back into the
stable zone by use of motors and planes. The compen-
sations which can be made in this way will be con-
sidered in the following chapter.

There appears to be no danger of a balanced sub-
marine getting out of control on falling through a
thermocline provided constant watchis kept of its
position in the density layer. Warning will be given
by the temperature recorded by the bathythermo-
graph.

8.5 RUNNING IN BALANCE

A properly trimmed subinarine may not only bal-
ance with motors stopped when conditions of stable
buoyancy obtain, it may also proceed at low speeds
without using the diving planes to control its depth.
Experiments have indicated that this can be done at
1/3 speed, and that during the maneuver, turning the
vessel with the rudder does not disturb its balance. At
higher speeds, the submarine tended to ascend, as the
result of lifting forces occasioned by the hull shape
and its movement through the water. The critical
speeds at which this occurs probably depends on the
strength of the density gradient.

Even though the stability conditions are not used
to control the depth, it is evident that a submarine
operating in a density layer may be more easily kept
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at constant depth with the aid of the planes since cach The planing forces which arise from the motion of
deviation from the desired depth sets up forces which  a submarine and their relation to the static buoyancy
tend to restore its position. forces are discussed in the following chapter.
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Chapter 9
THE USE OF PLANING FORCES TO CONTROL DEPTH

HEN A submarine moves through the water,
forces arise which act on the hull with a ver-
tical component. These forces niay overbalance the
static buoyancy forces with which we have been con-

cerned in the preceding chapters. They may enable a .

submarine to hold constant depth when out of trim
or to change depth when trimmed for stable buoy-
ancy. Three groups of forces may be distinguished:

1. Planing forces due to the hull form.

2. A vertical component of the propulsive force
determined by the angle of the hull.

3. Planing forces due to the angle of the diving
planes.
All of these forces increase with the speed of opera-
tion of the submarine.

8.1 FORCES DUE TO HULL FORM

A balanced submarine. which lies horizontal in the
water (hull angle = (', tends to rise when under way.
The greater the speed the greater is the tendency to
lose depth. If the submarine is running in balance in
a density gradient the tendency to rise is counterbal-

Ficure 1. Vertical component of propeller thrust of a
ficet-type submarine as a Iunction of speed and of hull
angle. It is assumed that the propelier shaft is inclined 1o
the water line by 1.5 degrees.

anced by the decrease in buoyancy which develops as
the depth changes. Consequently, a submarine may
frequently run in balance at low speed with the div-
ing planes held horizontally (at zero angle). The tend-
ency for the submarine to rise becomes greater at
higher speeds. The greater the change in density with
depth, the less noticeable will this tendency be, and
the higher the speed at which the submarine will hold

depth without active control with the diving planes. -

The tendency of a submarine to rise as speed in-
creases may be attributed in part to planing forces
due to the form of the hull and superstructure. 1t is
probable that the drag of the superstructure tends 10
cause the bow to rise and that the small “up-angles”
of the hull which result contribute to the loss in
depth. Furthermore the vertical componerit of the
propeller thrust discussed below acts like an increas-
ing buoyant force as speed is increased.s

%2 VERTICAL COMPONENT OF THE
PROPULSIVE FORCE ARISING FROM-
THE HULL ANGLE

The hull angle of a submerged submarine is meas-
ured relative to the normal water line of the vessel
when surfaced. If the water line is horizontal, the
hull angle is zero. 1f planing forces are neglected and
it is assumed that the propulsive force is applied
parallel to the water line, and at the center of resist-
ance to forward motion, the vessel may be expected to
move forward in the direction of the hull angle. 1f the
hull is inclined the propulsive force will have a ver-
tical component, proportional to the sine of the hull
angle, which will cause the subinarine to rise or sink
as it moves forward. As a result small hull angiles will
cause a moving submarine to change depth rapidly
in spite of opposing buoyancy forces.

2 In addition to the forces under discussion which arise from
the forward motion of the submarine, other forces which throw
it ont of (rim ave set up when the vessel tiins in the hovizontal
plane. These cause the submarine to become heavy overall and
heavy aft. The effect amounts to 6,000 pounds lost buoyancy at
aspeed of 5 knots. It is thought to be due to a low pressure zone
created beneath the unsymmetrical hull by its horizontal broad-

side motion. This effect can be compensated for by suitable use
of the diving planes when turning.

A
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FIGure 2. Vertical force developed by bow planes, assum-
ing total arca of 121 squane feet, as function of their angle
and the speed.

Actually the propeller shafts are usnally inclined to
the water line at an angle of about 114 degrees, In
consequence, if the hull angle is zero a small com-
ponent of the propulsive force acts upward and tends
to cause the vessel to rise as it moves forward unless
counterbalanced by other vertical forces. The vertical
component of the propulsive force is zero only when
the hull assiunes a down angle of 114 degrees. The
vertical component of the propulsive force at various
hull angles and speeds is estimated to be as shown in
Figure 1. /

In addition, in most fieet-type submarines the
thrust of the propellers acts on a point below the cen-
ter of forward resistance. The thrust consequently
causes the bow to tend to rise and to alter the hull

angle in a way which also favors an upward move-

ment of the vessel. In some of the more recent fleet- -
type submarines the propeller thrust acts approxi-

mately on the center of resistance and this effect is

minimized.

9.3 PLANING FORCES DUE TO THE
ANGLE OF THE DIVING PLANES

The vertical forces developed by the diving planes
depend upon the angle of the planes and the speed of
movement. The magnitude of these forces has been
calculated, using the accepted rudder cquations for
bow planes of 124 square feet combined area, and is
itlustrated in Figure 2. The vertical force developed
by the stern planes is about 20 per cent less.

When the bow and stern planes are adjusted so that
their vertical moments are balanced, their combined
force tends to cause the submarine to rise or sink
without change in hull angle. When the vertical
moments are not balanced the hnll angle changes so
that the submarine moves npward or downward as it
is propelled forward.

In practice, one planesman adjusts the bow planes
so as to bring the vessei to the desired depth and the
other manipulates the stern planes to hold the vessel
at the desired hull angle. In this way the vertical mo-
ments of the action of the bow and stern planes are
approximately balanced and both contribute to the
vertical movement of the vessel.

94 MAINTAINING CONSTANT DEPTH
WHEN IN TRIM

A moving submarine when submerged maintains
depth and hull angle by balancing the various plan-
ing and buoyancy forces against one another. The
vertical forces which arise from movement all tend to
increase with speed. If the submarine is in good trim,
so that static buovancy forces are not involved,
changes in speed nmay not disturb the balance of ver-
tical forces and no adjustment of the angles of the
diving planes is required as speed increases. This is
illustrated by data on the plane angles required to
hold constant depth, secured by a snbmarine which
had been brought to trin by balancing, as shown in
Table 1.

I the submarine’s hull angle is zero, relatively
large forces must be developed by the diving planes
to overcome the vertical components of the propeller
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MAINTAINING DEPTH CONTROL WHEN OUT OF TRIM 53

thrust and the upward forces arising from the hull
formr. This leads to the employment of undesirably
large plane angles. If the hull is given a slight down-

TasLe L. Plane Angles Required to Hold a Balanced Sub-
marine at Conslant Depth at Various Speeds. USS CATFIsH.

Hull Bow planc Stern plane
Speed angle angle angle
1/3 0° 10° dive 50 dive
2/3 0° 12° dive 12 dive
Standard (1 120 dive 1e dive
Fnli 0° 10° dive 4o dive

ward inclination by increasing the angle of the stern
planes the tendency to rise is counterbalanced by the
vertical component ol the propulsive force. The sub-
marine will then move forward at constant depth
without the use of tlte bow planes. The data recorded
in Table 2 illustrate the angles of hull and stern
planes required to hold constant depths at different
speeds, when the bow plane angle is zero.

TasLe 2. Hull Angle Reguired to Hold Constant Depth
at Various Speeds Without Use of Bow Planes.

Bow plane  Stern plane

Submarine Speed Hull Angle angle angle
CATFISIL 13 0.50° down 0° 7° dive
23 1.30° down Qe 9° dive

Standard 1.75° down 0° 7° dive

Full 2.50° down 0° 7° dive

CurLAss 1/3 1.50° down 0° 70 dive
2/3 1.50° down 0° 6° dive

Standard 1.10° down 0° 5° dive

Full 1.10° down 0° 6° dive

Flank 1.10° down 0° 6o dive

The first of these tests indicate that the hull angle
required to hold depth without the use of the bow
planes increases with the speed. In the second test,
however, the speed could be changed without much
adjustment of the hull angle. In a number of tests
made in the New London area the latter result was
obtained also, it being found that speed could be
changed without adjustment of the diving planes
when the hull was at 2 to 214 degrees down angle.
The reason for the difference in beliavior in the dif-
ferent tests is not understood. Many submariners are
agreed, however, that their vessels are more easily
controlled when trimmed to secure a small down
angle of the hull.

95  MAINTAINING DEPTH CONTROL
WHEN OUT OF TRIM

If the submarine is not in good trim, the forces
arising from the diving planes and hull angle are
employed to overcome the static buoyancy. These
planing forces increase with speed; the buoyancy
forces do not. Consequently, changes in speed require
adjustment of the plane angles. Obviously less angle
is required on the planes at higher speed to overcome
a given buoyancy force. When the submarine is out of
trim depth is more easily controlled at high speed.

In the study of the precision of ballast adjustments,
discussed in Chapter 6, it was found that in 25 dives
in which good static trims were not obtained because
of high speed or otherwise, less ballast was shifted
than was predicted to be required by the bathyther-
mograph in all but one case. In three-quarters of the
cases the ballast change was more than 3,000 pounds
less than the prediction; in extreme cases it was 14,000
and 16,000 pounds less.

A number of experiments have been made to de-
termine the magnitude of the buoyancy force which
may be overcome by the forces arising from the hull
and plane angles at different speeds. The procedure
is to bring the submarine to trim at low speed and
then by flooding in or pumping out ballast to deter-
mine how much of a weight change may be made
before operation of the diving planes at maximum
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Ficure 5. Effect of speed and hull angle in counterbal-
ancing excess weight of a submerged Heet-type submar-
ine, so as o permit control of depth of operation.
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54 THE USE OF PLANING FORCES TO CONTROL DEPTH

angles fails to maintain the depth. The speed is then
increased and the test repeated by taking on or dis-
charging more ballast..Some typical results, showing
the maximum buoyancy change which can be com-
pensated for under various conditions, are given in
Table 3 and in Figure 3.

Tasrk 3. Maximum Buoyancy Change Which Can Be
Compensated for by Planing Forces at Differen1 Speeds.

- Maximum
i buoyancy
Bow Stern compen-
Sub- plane  plane Hull sation
marine Speed angle angle angle {pounds)
Costa 1/3 - - 0° 2,000
2/3 - N 0° 11,000
CATFISI 1/3 25° dive 0° 0° 1,200
1/3 25° dive  7° rise “ie 4,000
2/3 25° dive ¥ e 8,000
PERCH 1/3 - - 0° 2,000
2/3 - - [ 5.000
Standard - = g° 9,000
1/3 - - 10° 7.000
2/3 - - 10° 14,000
Standard —_ — 10° 38,000

It is evident that at high spced and with large hull
angles, buoyancy forces can be overcome which are
greater than any likely to be encountered as theresult
of the natural variations in the density of sea water.

Under conditions of emergency, or as a temporary
expedient in penetrating density layers, advantage
may be taken of this fact. However, it is usually unde-
sirable to maintain high speed when submerged for
very long, because of the drain on the batteries and
for tactical reasons. Consequently, the importance of
keeping a submarine in good trim is not decreased by
the additional control of buoyancy which may be had
by taking advantage of the planing forces.

The various forces which determine the behavior
of the moving submarine are evidently complex and
great skill is required in operating the vessel to keep
them in the most effective balance. A submarine
might be so designed that it could be operated with-
out using needlessly large plane adjustments to coun-
terbalance the vertical forces which arise from the
hull form, and to keep it at a proper hull angle. It is
evident that present submarines depart widely from
this ideal and also that the most effective combina-
tions of hull angle, plane angles, and speed are not
thoroughly undersiood. It is believed that a system-
aticstudy of the factors controlling the motion of the
submerged submarine would not only lead to valu-
able information on how to operate the vessel most
etfectively, and thus supplement the skill which is
acquired-only by long experience, but also might
serve to establish criteria for 1he design of more handy
vessels.
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Chapter 10

THE USES OF THE SUBMARINE BATHYTHERMOGRAPH
IN OPERATIONS

THE CHANCE of success of any maneuver by a war
vessel depends on the speed, certainty, and ease
with which the operation can be carried out; the lat-
ter is particularly important in an emergency.

10.1 COMING TO TRIM AT A NEW
DEPTH

The submarine bathythermograph? has earned a
place in the control room if only because it reduces
the uncertainty of ballast adjustments whenever the
submarine changes depth. Prior to its introduction
diving operations resembled somewhat the game of
blindman’s buff in which the diving officer tried to
cope with forces which he could not anticipate and
could only vaguely detect by his feel for the state of
trim of his vessel. He was aided only by an instrument
known in the Service as “the seat of his pants.” The
value of the newer device is attested by the following
extracts from patrol reports: - .

“Many density layers were enconntered in this area particu-
larly off Shiono Misaki and Daio Saki.. .. In each case the layer
necessitated much flooding in to get down and pumping out tn
get back up. The bathythermograph predicted the necessary
procedure nearly every time. This is a most valuable instrument
but shonld be relocated in the Cnntrol Room where it can be of
great assistance to the divi‘ng officer.”

“Density layers were found on both the east und west sides of
Palau varying in depth from 150 feet to 300 feer. We checked
the bathythermograph on each deep submergence for informa.
tion of the Diving Officer which enabled himn to adjust his trim
so that during search following each attack while we were deep
he never had to pump, blow or increase speed to maintain
depth.”

The disadvantage of delays encountered in coming to
trim during evasion is very real, since the time is
prolonged during which the noisy operation of the
pumps and propulsive machinery is required. This is
evidenced by the following extracts of patrol reports
from submarines which were not equipped with
bathythermographs:

“In th> South China Sea . . . while going deep to avoid depth-
charge attack, it was necessary to flood in 10,000 pounds to re-

main at 240 feet and not come up, and standard speed had to he
used nntil additional water had been taken aboard.”

# See footnole a, Chapter 1.

“A density layer was encountered at about 275 feel. Below
this depth our propeller beats must have been lost to enemy
A/S vessels though we could still hear their propellers and their
pinging. Any unusnal noises, however, such as blowing or pump-
ing were immediately picked up by them and drastic action
followed.”

Delay is not only disadvantageous in evasion, it
may be important in more ways than one when re-
suming attack. Thus:

“Density layers were experienced twice near Truk. On both
oceasions it was necessary 10 pump out 3,000 to 5,000 pounds tn
climb at 2/8 speed. Both times this occusioned considerable de-

lay and no end of irritation to the commanding officer who was
anxious to get a look.”

Since the auxiliary ballast pumps can discharge
only one or two thousand pounds per minute, dec-
pending on the depth, the delays in handling the
large amounts of ballast mentioned in these reports
were considerable and well worth keeping at a mini-
mum,

The intelligent nuse of the BT can save much time
in coming to trim. Most submarine commanders
make an exploratory dive daily while on patrol to
obtain information on the density conditions in the
water in which they are operating. Some even make
such a dive immediately before an attack, if condi-
tions permit, so as to beacquainted with the situation
which will be encountered when time comes to take
evasive action. Ballast may then be shifted as soon as
the submarine begins to descend and only small ad-
justments will be required after the chosen depth is
reached. il

Even if an exploratory dive has not been made pre-
viously, tlie record made during descent gives infor-
mation of the buoyancy conditions being encoun-
tered long before they make an effect on the progress
of the submarine, since when at speed the submarine
remains under control when several thousand pounds
out of trim.

102 SELECTION OF DEPTH OF
OPERATION

Except when operating at periscope depth, the
exact depth at which a submarine is held is usually
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Fwere 1. Temperature trace showing condition when a
submarine in trim at depth 4 will also be in trim at the
greater depths B and C.

not tactically important. A knowledge of the density
distribution in the water will frequently permit a
level to be selected which is advantageous for effi-
cient operation.

If a strong density gradient is present there is usu-
ally one, and sometimes two deeper levels at which
the buoyancy conditions are the same as at periscope
depth. If a submarine in trim at periscope depth is
taken to these levels with the diving plancs, it can
level olf and come to trim again without any change
in ballast. If the level selected is one of stable buoy-
ancy, it is not even necessary to guide the submarine
to the exact depth; if allowed to do so it will find its
own level of good trim under the action of the forces
which determine stability.

The depths at which a submarine in trim at peri-
scope depth will also be in trim on deeper submerg-
cnce are those where the isoballast line which passes
through the temperature trace at periscope depth
also crosses the trace at greater depths. Thus, in Fig-
ure 1, a submarine in trim at 4 will also be in trim at
B and C. Buoyancy is stable at B and a submarine
starting to sink from A or brought to any position
necar B under power, will tend to come to the depth of
B as the result of the buoyancy forces. I the planes
and power arc used to penetrate the density layer to
reach the depth of C, the submarine will again be in
trim.

The advantage of leveling ofl at the depth, B, at
whicb trim is the same as at periscope depth is not
limited to the ease of silent descent. It also puts the
submarine in a position to resume aggressive action
at periscope depth without delays required by ballast
adjustment.

DEGREES FAHRENHEIT
30 40 50 €0 70 80 20

l_!_ . rAE R | VR T rhg i
100 2 i . i
. £2 100
prr} - i 2
= 200 'r! 200
Ed | 7,
LT
£ 300 B 300
L I ||
= ¥ _H ]
400 - - j_l_.-;l__;_ _._ i e s - 400
[EEEEaNFSE AN EliS Ry

30 40 50 L] To 8o 20

Ficorr 20 Temperature trace iltustrating the depth at
which a submarine may balance while nsing topside lis-
tening gear to best advantage.

Under depth charge attack some advantage is prob-
ably gained by going below a strong density gradient
since a well placed charge may tend to “blow” the
submarine to the surface. The decreased buoyancy of
the gradient will tend to counteract the upward
movement of the vessil and may prevent its broach-
ing. This is, of course, only one of a number of rea-
sons why submarines go deep in evasive maneuvers.

103 ADVANTAGES OF OPERATING
IN A DENSITY LAYER

The BT shows the depths at which a submarine
will encounter conditions of stable buoyancy. At such
levels depth control at any speed is easier since the
submarine tends to hold its depth and the diving
officer and planesmen are under less strain. At low
speeds the submarine will run in balance, holding its
depth without use of the diving planes and thus elimi-
nating any possible sound from that source. This is
advantageous if the submarine wishes to mancuver at
creeping speed near the surface in a position ready to
initiate or resume attack. In deep evasion it is less
important since the suppression of cavitation sound
at greater depths makes it permissible to use higher
speeds without danger ol detection by listening
devices.

When operating in a density layer, the submarine
will tend to seek the depth at which it is in trim., If
trim is imperfect, or if the depth of the deusity grad-
ient is changing as the result of internal waves, the
vessel will tend to risc or sink slowly. If allowed to do
s0. it will soon find its proper level. Conscquently,
when operating under stable conditions, it is much

CONFIDENTIAL



e

PR

g

MAINTAINING PERISCOPE DEPTH 57

~ better to let the submarine find the level for which it
is trimmed than to fight the buoyancy forces with the
planes or to attempt to correct them by ballast ad-
justment. It has been the practice to operate sub-
marines at a rigidly controlled depth, quite irrespec-
tive of the necessity. Actually, it is only at periscope
depth that exact depth control is usually necessary.
When running in a density layer at greater depths,
the aim should be to keep the submarine in water of
uniform temperature, where it will remain in wrim.
When a density layer is present an understanding of
the situation can save much noise and etfort.

Balancing in a density layer with motors stopped is
not favored during evasive action, since there is
danger of being caught dead in the water by an at-
tacking escort. There are, however, several sitnations
i1 which balancing may be used to advantage.

In listening for enemy vessels the quicter the sub-
marine the greater the range over which their pres-
ence may be detected. By balancing at the very top of
a temperature gradient, in a position where the top-
side sonic listening gear is above the gradient and is
surrounded by isothermal water, the listening ranges
will be substantially longer than those obtained at
even slowest speed. (See Figure 2.) When listening
conditions are good a submarine may cover a greater
area by this procedure than by sweeping a narrower
patli while moving through the water.

When forced to remain submerged for long pe-
riods, there is danger that the batteries will become
exhausted, necessitating a return to the surface. If a
sufficient density gradient is present, a submarine bal-
anced in it will use very little power while waiting for
an opportunity to return to the surface,

In an emergency when it is necessary to stop the
motors for repairs, balancing on a strong density
layer may permit the submarine to avoid surfacing.
An impressive instance of the use of this maneuver is
given in the following extract from a patrol report:

“At 230-foot depth there was a definite heavy layer that was
used to advantage when the main induction wus flooded, It car-
ried us for several hours . . . when as much as 5 or 6 thousand
pounds heavy, It apparently had an effect on sound conditicns
and prevented the DD from any effective sound work as we were

making considerable noise for a period of over an hour while he
was nearby and we were below the inversion.”

14 MATNTAINING PERISCOPE DEPTH

Sudden fluctuations in deusity sometimes disturb
the trim of submarines running at periscope depth.

The vessel may unexpectedly sink or rise from the
desired depth causing the periscope to be submerged
or to become dangerously visible.

A submarine patrolling off Honshu, north of
Tokyo, reports:

“Inshore the water was highly stratified with violent horizon-

tal as well as vertical tempeirature gradients. Depth control was
always a problem. ..."

Another report from off Tokyo emphasizes the rela-
tion of these disturbances to temperature fluctuations.

“During normal snbmerged running at 60 feet temperature
changes had a marked influence on over-all trimn, varying trim
approximately 800 ponnds per degree change in temperature.
tn all cases, however, this figure did not hold true, due perhaps
to various changes in the density of sea water caused by other
factors.”

This vessel had a BT and evidently found it uselul to
anticipate the required ballast comnpensations. The
working rule proposed is correct for water of about
70 F. When the rule failed to hold, it is quite probable
that the BT thermal element did not record accu-
rately the changes in temperature of the water sur-
rounding the hull, since it is located some 15 feet
above the center of buoyancy and may have pro-
jected above the thermocline at times.

The usc of the BT in such conditions is again sug-
gested by the experience of a submarine during a
shakedown cruise in the Gulf of Maine.

“lt was impossible to oblain a final trim at periscope depth
for the three days in this area because of the extremely erratic
changes in the water temperature as shown on the bathythermo-
graph records. The temperatnre at 65 feet would often change ..
cight degrees in a minute’s time, then in about five minutes
change just as erratically in the opposite direction. One of the
junior officers” found that if he watched these chunges and
pumped or flooded accordingly, he could maintain 1rim with-
out having to lose it first. In other words, the bathythermograph

told him he was going 10 lose his trim a short time hefore he
actually Tost it.”

Disturbances of this sort are frequently attributed
to “water pockets.” In the cases described they are
probably due to internal waves which distort the level
of the density gradient found in the thermocline. A
submarine at constant depth cuts through these waves
becoming lighter as it penetrates a crest and heavier
as it crosses a trough.

Internal waves of this character only make them-
sclves felt when the vessel is in a density layer. They
do not make trouble unless the density layer occurs
at periscope depth, since this is the only level where
cxact depth control is important.
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58 THE USES OF THE SUBMARINE BATHYTHERMOGRAPH IN OPERATIONS

105 THE DEPENDENCE TO BE PLACED
ON BATHYTHERMOGRAPH
PREDICTIONS

It needs to be emphasized that the BT is intended |

to assist the diving officer in conducting his opera-
tions. but that it cannot do his work for him. Its indi-
cations are predictions of the approximate buoyancy
conditions he will encounter or is encountering, Tt
should be remembered that the instrument, in its
present form, does not take salinity gradients into

account, that the water conditions are subject to
change from time to time and place to place, that the
recording mechanism is influenced by the water at
only one point, and that frequently remote from the
center of buoyancy, and that a submarine is often
somewhat out of trim at the start of a dive. Gonse-
quently, the BT does not give an exact indication.
Its predictions have proved useful in achieving ap-
proximate trim at new levels, but the diving oificer
must still exercise his judgment and skill in the final
adjustment of buoyancy.
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Chapter 11

SUBMARINE SUPPLEMENTS TO THE SAILING
! DIRECTIONS

HE SAiLING Directions issued by the Hydro-

graphic Office, together with the Coast Pilots
published by the U. S. Coast and Geodetic Survey,
give an account of the local conditions which affect
the navigation of surface ships throughout the world.
In addition to a description of coastal conditious,
harbors, port facilities, and aids and hazards to navi-
gation, they summarize the winds, weather, sea con-
ditions, and currents which are to be expected in the
various areas of the ocean. In short, they attempt to
provide the navigator with a background of informa-
tion on what he is to expect in the course of his voy-
age and thus forewarn him and supplement the ob-
servations which he may make as he proceeds.

The submarine supplements are intended to ex-
tend such information in directions which are of pe-
culiar importance to submarine operations. Thus
they give an account of the hydrographic conditions
wliich influence the diving operations of submarines,
and the characteristics of the water and sea bottom
which control the iength of sound ranges in various
locations. Since submarines are dependent on dead
reckoning during submergence, the supplements
present when feasible more detailed information on
currents than is found in the Sailing Directions them-
sctves.

The first supplements were prepared at a time
when bathythermographs had not yet hecone gen-
erally available and some attempt was made to pro-
vide information on buoyancy conditions which
might actuaily be helpful in diving a submarine. Now
that bathythermographs are in general use this need
is not so great except in the case of breakdown.
However, information is provided on the presence
and strength of salinity gradients whieh is of imme-
diate use to submarines equipped with bathythermo-
graphs since it indicates when the predictions may
become unreliable and gives a general estimate of the
correction which should be applied on account of the
salinity gradient.

A second way in which the supplements may be
useful to the submarine on patrol is in showing
whether the conditions presently encountered are

liable to change, either because the area of operation
is one of variable hydrography, or because the vessel’s
course is taking it into a region where the situation is
different. Knowledge of this sort should determine
the frequency with which exploratory dives are made.
It is particularly important that a submarine run-
ning on the surface should be aware of changing
buoyancy conditions since difficulty may be experi-
enced in coming to trim on submerging if the density
of the water at periscope depth changes in the course
of the run.

In addition to these immediate uses the informa-
tion in the supplements has an intangible but very
real value in giving the submariner an advance pic-
ture of the conditions he is likely to meet during a
patrol and thereby preparing him for difficulties. The
supplement thus takes the place of the man who has
been there before.

The supplements contain information which
should also be of great value in strategic planning.
The information supplied concerning sound ranging
conditions make it possihle to distribute available
forees in such a way as to take advantage of the im-
munity from detection during evasion which is af-
lTorded by lavorable temperature gradients. There is
some indication that the Germans took advantage of
this possibility in planning their submarine cam-
paigns in the Atlantic and very good evidence that
our own antisubmarine operations were greatly
handicapped in arcas where sound conditions were
favorable to the German submarines. Even within
the liniits of an assigned patrol area, local conditions
such as the character of the bottom may permit a
submarine to choose the exact position of operation
50 as to be at an advantage.

1.1 AREAS COVERED BY THE
SUPPLEMENTS

The only area in the Atlantic which has been cov-

_ered by a submarine supplement is the Bay of Biscay.t

A" preliminary supplement on the ecastern North
Atlantic was prepared for the National Defense Re-

CONFIDENTIAL 59




[E1) SUBMARINE SUPPLEMENTS TO THE SAILING DIRECTIONS

70" BOT  90° 100° 0T 120° 1307 40° 150° 80" ot |e ro®  1eo”
BT T R T G T L e ey T T T T ¥ T T3 =)
60F .
3 A
s50F
!.‘.’
?J
ad} *-: a0’
JAPANESE EMPIRE
AREA
i
30} 130’
20| s RETel
!
13} WESTERN TR 10
0 OPICAL PACIFIC
i AREA 1
cf - . 1 o ,D"‘
\ i ?: :
b LS } 1
16} e, ¢ ra MR i’
L - I > :
5
2d} N 120
", .
30} dag
] -40°
56" N | i i k.3 . i e . | ST | P FR .
80° 90° 100° 110° 120° i30° 140° 150° 160° {70° 180° 170° 160°

Ficure 1. Chart showing the areas in the Pacific covered by the submarine supplements.

scarch Comniittee, but was not published duc to
changing war conditions.? Supplements® covering
conditions for the entire year have been published for
three areas in the Pacific where Anterican submarines
have undertaken extensive operations, namely, the
South China Sea, the western tropical Pacific, and the

a Preliminary submarine supplements were published for
some of the scasons in these areas, These are listed in the
bibliography.

arca surrounding the Japanese Empire.3-5 These areas
uscrlap slightly. (See Figure 1.)

It scems highly desirable that additional supple-
ments be prepared for all the oceanic areas of the
world. There is immediate nced for supplements
covering the various training areas in the United
States, such as off Portsmouth, New London, Key
West, San Diego, and the Panama CGanal. These
would not only serve to acquaint men in training
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with the uses of the supplements, but would also
give them a better understanding of the conditions
which they encounter during their training. In addi-
tion, in conducting tests it is frequently important to
select locations where particular sound or buoyancy
conditions occur. Much time would be saved and
better tests would result if such information on local
hydrography were conveniently available.

1.2 INFORMATION SUPPLIED

Under the heading Subsurface Climate the general
hydrographic conditions which influence diving and
sound transmission in the various natural arcas are
described. Typical BT records and extracts from
patrol reports from the area serve as illustrations.
The Japane-e Empire Area is divided into ten sub-
areas for this purpose; in the South China Sea Area
and the Western Tropical Pacific Area, the subsur-
face climate is discussed as a whole.

Under Subsurface Forecasting some account is
given of such factors as the weather, currents, and the
run-off from land, which may enable changes in the
situation to be predicted. Charts are included show-
ing the character of the bottoni or giving an indcex to
the available bottom sediment charts of the arca. In-
formation on the transparency of the water is sup-
plied where available. The most useful information,
however, is given in a series of charts which show the
average conditions for all seasons of the year which
affect certain ‘basic operations. The charts in the
Supplement for the Japanese Empire Arca cover the
following features. o

Tt Surface Current Charts
STREAMLINES

Thesc charts show the average resultant direction
and velocity of the major surface currents. They do
not include tidal current. (See Figure 2.)
SURFACE CURRENTS — ROSES

The amount of tinie the currents flow in different
directions and at different speeds are shown. (See
Figure 3.)

.22 Buoyancy Charts

The data on all buoyancy charts are given for a
submarine having a submerged displacement of 2,400

tons and a compression of 2,000 pounds per 100 feet,
and are in terms of pounds of ballast to be pumped or
flooded.

Buovancy CHANGE DUE TO SALINITY GRADIENT

These eharts show the change in buoyancy due to
the salinity gradient between periscope depth and
some stated level of deep submergence (300 or 450
feet). They may be used to learn whether the BT
prediction will be dependable or whether an allow-
ance should be made for the effect of salinity in pre-
dicting ballast change. The buoyancy corrections are
given in terms of ballast to be flooded, and are either
to be added to the amount flooded, or subtracted
from the amount to be pumped, as predicted by the
bathythermograph. (See Figurc 4.)

Buovancy CHANGE DUE TO DENSITY GRADIENT

These show average ballast changes duc to both
temperature and salinity gradients between periscope
depth and some stated depth suitable for deep sub-
mergence (300 or 450 feet). They show whether strong
density layers are likely to be encountered and indi-
cate the total ballast change which may be required
in deep submergence. (See Figure 5.)

SHARPNESS OF DENSITY LAYER

The maximum sharpness of the density iayer and
its approximate depth are shown. The purpose of
this chart is to show the depths at which density
layers exist within the range of submarine operations
and the security of balancing within these layers. (Sce
Figure 6.)

SizeE AND THICKNESS OF THE DENSITY LLAYER, AUGUST

This chart shows the depth to the top and the
depth to the bottom of the main density layer, and
the size of the layer in terms of amouni of ballast
which must be flooded to penetrate the layer. It sup-
plements the preceding one in showing the existence
of balancing conditions and the range of depth
through which such conditions can be expected. It
applies only to the month of August whien the most
noticeable gradicents occur. (See Figure 7.)

11.23 Sonar Range Charts

Periscorre DEpTH, EcHO RANGE, AND EFFECT oF WIND

These charts show the frequency in which maxi-
mum echo ranges at periscope depth are less than
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ns* 120” 128" yac
CHART lc
SURFACE CURRENTS. STREAMLINES
July

LINES AND ARROWS show DIRECTION OF FLOW, FIGURES show ©

| average number of MILES PER 24 HOURS made good in the direction
indicated. Type of line shows STEADINESS, that is, the probability that
the fiow will be approaximately in the direction indicated. (See Chart 2¢ o

e o A

59" for percent of time when the fiow i in other directions.)

Tidal and coastal currents are not shown,  Below layer depth, velocity
and direction may be different than shown.

For fulter explanation, see page 45.
e (e
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Ficure 2. A part of Chart 1¢ from the Submarine Supplement to the Sailing Directions, Japanese Empire Area, H. O.
Pub. No. 231, illustrating surface currents as streamlines.
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CHART 2d
SURFACE CURREMNTS. ROSES

Movermber

DIRECTION of flow is OUTWARD FROM CIRCLE. Length of rays

slmpmntdﬁmcunentﬂminmmﬂmd. Mumbers
within cirches give percent of time flow is less than & miles per day. The

| the THICKER THE RAY the FASTER ts flow.
SCALE OF SPEEDS IN MILES PER DAY
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SCALE OF FREQUENCIES IN PERCENT
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The rose to-the left shows that the

current flows east 3% of the time at
a spead of 6 to 12 miles per day, 8%
lofi=mmm]  of the time at 13 to 24 miles perday, .o

per day, and 3% of the time at 49 t0
72 miles perday,  Thus, it flows east
a tota! of 28 % of the time.

140* 145"

Ficure 3. A part of Chart 2d from the Submarine Supplement to the Sailing Directions, Japanese Empire Area, H. O.
Pub. No. 231, illustrating surface currents by means of roses.

CONFIDENTIAL

A
P



64 SUBMARINE SUPPLEMENTS TO THE SAILING DIRECTIONS
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I 3 120" 12 ot o s
I CHART 3¢ A
BUOYANCY CHANGE DUE TO SALINITY GRADIENT = B
PERISCOPE DEPTH TO 300 FEET = = \
August S iy )
i CONTOURS show probable INCREASE IN BUOYANCY due fo change & % llﬁ

in SALINITY babween PERISCOPE DEPTH and 300 FEET, measured in =

L
8,

|oo:ji thousands of pounds for a subsmarine of 2400 tons submerged displace. Do
ment. Contours In WATER LESS THAN 300 FEET DEEP - | S
show average salinity gradient batween PERISCOPE DEFTH and 150 {J 1= gt
FEET. Gradients in shallow water are variable. NUMBERS IN [TALICS & 31

show MAXIMUM RECORDED BUOYANCY CHANGE due to safinity be =
tween PERISCOPE DEFTH and 150 FEET. :

[ ] roopo-40oms. [] ALOOD 4000-8000 tbs.

This chart shows salinity corrections to be added
Mt o buoyancy adjusiments for temperature as indicated
45T by the bathythermograph.

For fuller explanation, see page 46

Bl

o

(

1307 1as " 40" 145*

ml.

ns*

Fioury 4. Chart 3c from the Submarine Supplement to the Sailing Directions, Japanese Empire Area, H. O. Pub. No.
231, illustrating buoyancy change due to salinity gradient between periscope depth and 300 feet.
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1s" 120" 128" 13 12’

CHART 8¢ :
BUOYANCY CHANGE DUE TO DENSITY GRADIENT
PERISCOPE DEFTH TO 300 FEET

August .

CONTOURS show probable CHANGE IN BUOYANCY dus to combined

TEMPERATL'RE AND SALINITY gradients between PERISCOPE DEPTH

and 300 FEET, measured in thousands of pounds for a submarine of =

2400 tons submerged displacement and o compressibility of 2000

pounds per 100 feet of depth. Contours in WATER LESS THAN 300

FEET DEEP (YELLOW) show average booyancy change betwesn PERL

SCOPE DEPTH and 150 FEET. Gradients in shallow water ars variable,

NUMBERS IN [TALICS show MAXIMUM RECORDED BUOYANCY CHANGE
betwean PERISCOPE DEPTH and 150 FEET,

PLIMP

FLOOD
] =] =5 |
0-4000 bs.  4000-8000 Ibs.  Over 8000 Ibs.

Mote that these amounts apply to a 2000 pound 55
baat; adjustments should be made for harder or softer
boats,

_,...-"- -
e

For fuller explanation, see page 46.
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F1oure 5. A part of Chart 4¢ from the Submarine Supplement to the Sailing Directions, Jupanese Empire Arca, H. O,
Pub. No. 231, illustrating buoyancy change due to density gradicnt between periscope depth and 300 feet.
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115 120° 125° 130° 4

CHART 5¢
SHARPNESS OF DENSITY LAYER
Aupust

CONTOURS show average DEPTH of MAXIMUM SHARPNESS of &
DENSITY LAYER measured in feet. =

COLOR shows MAXIMUM SHARPNESS of DENSITY LAYER, under av-
|l erage conditions, measured in probable amount of ballast to be
50 FLOODED per 100 feet to maintain trim in the layer for a submarine of
2400 tons submerged displacement and a compressibility of 2000 !

pounds per 100 feet.
[T ] 500t03000ibs.  Balancing probable, but difficult,
"] 300006000 ibs. Balancing certain.

[:l Over 6000 Ibs.  Balancing certain; considerable
45° flooding necessary to penetrate layer.
For fuller explanation, see page 47.

e

100 TO 200

ns* 120° 125° 130° 135° 140 °

145°

Froomi. 6. &
Pub. No. 231, illustrating sharpness of the densily layer.
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18" 1207 128° 13 128" 140 tas®
— ™ e .",'
SIZE AND THICKENESS OF DEMSITY LAYER o Y |
. August K !|
THICKNESS el
SOLID CONTOURS show probable depth to top of main density layer | [

DASHED CONTOURS show probable depth of the base of this layer. &
i SIZE (INCREASE OF BUDYANCY)

COLOR shows average increase of buoyancy from the top to the base
of the density layer.  Within the layer a fleel submarine (compression
2000 Ibs. per 100 ft) must FLOOD at keast 2000 pounds per 100 feet
to malitain trim.

[ ] Less then 2000 tbs.
[ ] 2000 to 5000 Ibe

o) I cowwiooors [

In cobzred areas balancing is possible at any depth
between the top (solid contour) and base (dashed
cantour) of fhe density layer. Above or below the -
layar, balancing is doubtful.  In white areas balancing -

generglly is nol possible, (See also Figure 26.)
+ For fulter explanation, see page48.

[ 10,000 to 20000 ibs.

ns" 120° 128" 130° 135" 140 " 145

Figure 7. A part of Chart 6 from the Submarine Supplement to the Sailing Directions, Japancse Empire Area, H. O.
Pub. No. 231, illustrating size and thickness of the density layer.
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118" 1207 yzs’ 138 jas’ tan® 1as®
I CHART 7d
PERISCOPE DEPTH ECHO RANGE AND EFFECT OF WIND
August

COLOR shows MAXIMUM ECHD RANGE AT PERISCOPE DEPTH, !
nmmlnmmmmufmwisreasﬂmnlﬁmﬂm
when WIND |S LESS THAN FORCE &.

h!ﬂ" n 0- 25 (Ranges generafly over 2000 yds)
] 25- 50 (Ranges generaly over 1500 yos)
| [ ] 50- 75 (Ranges ganerally less than 1500 yds)

1 75-100 (Ranges generally less than 1000 yds)
Over ROCK bottom, rangss will be shorter than these figures,
| CONTOURS show percent of time WIND 15 FORCE sﬂga GREATER.
as® PAIRS OF MUMBERS: First numbser is percent of
time periscape depth echa range is shorter than 1500
J yards at night, and second number is percent of time
it is shorter in afternoon, Difference between num:
bers is caused by “Afternoon Effect”™
For fuller explanation, see page 49.

Fcure 8. A part of Chart 7d from the Submarine Supplement to the Sailing Dircctions, Japanese Empire Area, H. O.
Pub. No. 281, illustrating periscope depth echo range and effect of wind, -
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1s° 120° 125° 130° 135"

CHART 8d
ASSURED RANGE
August’ : =

CONTOURS and numbers give probable DEPTH OF ASSURED RANGE,
that is, the depth at which maximum echo range is SHORTEST, and

echo ranging.  In shallow water, except over MUD bottom, range is ap- :
proximately the same at all depths. Numbers in shallow water apply
only over MUD bottom. Spotty areas on the chart indicate highly vari-
able conditions due to patchy bottom in shallow water. Check actual
conditions frequently with bathythermograiph observations and bottom
sediment charts. }

COLOR shows average ASSURED RANGE.

[ ] testhonioooyds  [] 1500 to 2000 yos
[ 1 1000 to 1500 yds. ] over 2000 yds.

For fuller explanation, see page 49

5°

therefore the depth at which a submarine can best avoid detection from =i

140°

20" < : — e e

nE* 120* 128" 13n® 135 *

Ficure 9. A part of Chart 8d from the Submarine Supplement to the Sailing Directions, Japanese Empire Area, H. O.

Pub. No. 231, iliustrating assured range.
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1s° 1za" 12s 1ad’ 1as’ 1o’ 145"
CHART 8¢ :
ASSURED RANGE AT !'-‘_ERISWF‘E DEFTH
August

[~ ||  CONTOURS and numbers show percent of time MAXIMUM ECHO

I RANGE is shorter at PERISCOPE DEPTH than at any greater depth, due
to the presence of negative temperature gradients extending from fhe
surface of the water downward, Assured Range and reliable ping range &
under such conditions generally are bess than 1000 yards.

COLOR shows percent of time MAXIMUM ECHO RANGE is the same
at ail depths.  This is due to three conditions: (1) deap isothermal water
which causes ranges of more than 2000 yards, (2] strong winds which
cause relatively short ranges (see Chart 7d), and (3} type of bottom which
causes vanable ranges in shallow water.

Eell 0- 5% [ ] s0- 5%
q- B 25 so% [] 7s-100%

Thes chart shows the percent of time when echo
ranges at periscope depth are no greater than they
are at any greater depth, and & submarine will gain
no profection from echo ranging by going deep.
For fuller explanation, see page50. '

an*

25"

1an " 4o 1as "

Freure 10. A part of Chart 9¢ from the Submarine Supplcmcm to the Sailing Directions, Japanese Empire Area,
H. O. Pub. No. 231, illustrating assured range at periscope depth.
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1,500 yards. They do not apply when the wind force is
6 or micre, ur der which eondition shorter ranges arc
to be expected. Contours also indicate how frequently
wind forces of 6 or more are to be expected. The
charts thus show the protabdbiog il locel eoodition
will favor undetected operatxons at periscope depth.
(See Figure 8.) :

ASSURED RANGE

These charts show the depth at which maximum
echo ranges are probably shortest and the ranges to be
expected at that depth. They consequently indicate
the depths at which a submarine can best avoid de-
tection by echo ranging and the relative chances of
detection when at such depths in the various regions.
(See Figure 9.)

.\SSURED RANGE AT PERISCOPE DEPTH

This chart shows the percentage of time that echo
ranges are shorter at periscope depth than at any
greater depth. Since unusually poor sound conditions
usually accompany this condition the chart indicates

the probability that submarines will be at an advan- _

tage during aggressive action, both during attack and
evasion. (See Figure 10.)

T8 SOURCES OF DATA AND

RELIABILITY OF PREDICTIONS

The charts in the supplements were constructed
from two types of data:

1. Over 70,000 serial temperature obscrvations
from the western Pacific including some salinity ob-
servativns. These were taken laigely by the Japaiese
and the largest number of the observations are from
Japanese waters.

2. Several tliusimeul BT
American submarines and antisubmarine vessels.

Wi ® 1 [

.
s taken y

There are some objcctions to the use of cith, . *
these types of data if highly accurate charts are de-
sired. Scrial temperatures arc usually quitec . e

but they do not give a complete picture of the st

surface tempcrature gradients because the tempera-
ture s reevrded unly at a serics of separate depilis.
Bathythermograph records give a continuous tem-
perature profile, but frequently the temperamre is
ol -_1-»..{:? o b sysvermric orror O 28 adh as 5 ucsx\,uc

“because the recorder is not correctly adjusted. In

compiling charts showing the temperature at various
depths using BT data, an incorrect result may be ob-
tained. Since temperature differences between the
depths in question determine thc buoyancy change
which will be encountered in diving, these errors do
not have a practical effect upon the usefulness of the
BT. Similarly BT data may be employed to prepare
charts showing the difference in temperature between
two depths in spitc of the usual crrors in adjusting the
instrument. A more important objection to the use of
BT records secured by Service vessels is that-the-geo-
graphic locations given with the records are often
unreliable. This is causcd by lack of precision in
keeping the data, and is a personnel problem diffi-
cult to solve during time of war.

‘The buoyancy charts in the supplements were con-
structed largely on the basis of recorded serial tem-
peraturcs and salinities. There are large arcas where
the data are scanty, especially that on salinity. Sonie
of the charts contain a small inset to indicate the
variability of the data on which they were con-
structed. In areas where the data had a high varia-
bility the average conditions shown are generally
less reliable than in areas having low variability.

In the preparation of the charts it was necessary to
make thc best of the available information and fre-
quently to resort to general oceanographic theory to
fill in areas where data was inadcquate or even to
ignore some data which conflicted with theory. While
his was doubtiess the most expedient procedure,
more useful charts could be coustructed if special
surveys were made for the purpose in critical areas
w by govicral LA LgTapliie wilooaiion is insudi-
cicnt. In particular, more detailed information is
needed concerning the salinity distribution and con-
cerning the normal variability of the conditions, since
these are the two most useful items covered in the
supplements.
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Chapter 12
THE PROBLEM OF RESUBMERGENCE

T HE DISCUSSION of tlie control of buoyancy in the
preceding chapters has always started with the
assumption that the submarine was in trim at peri-
scope depth or some other depth of submergence. The
control of buoyancy on changing depth is simply a
matter of adjusting ballast to compensate for the
cftects which result from compression and from the
changing density of the sea water. When a surfaced
submarine submerges, difficulty is {requently en-
countered in bringing the vessel to trim at the desired
depth quickly. The submarine may find itself so
heavy that it is forced to blow ballast {rom the safcty
tank to avoid sinking or it may be so light that it can-
not get down until it has flooded additional water
into the auxiliary tanks. Neither condition is cont-
patible with elficient operation.

The difficulty arises from two sources. There is no
exact method of judging the change in weight of a
submarine due to consuniption of fuel, stores, and
ammunition while it is on the surface; also, there is
no convenient means of measuring in advance the
buoyancy of the water which will surround the sub-
marine when it reaches the desired depth of
submergence. -

Careful estimates are made of the changes in
weight which occur while submarines arc on the sur-
face. I the surface run is not too long these estimates
are sufficiently precise to permit compensation to be
made before submerging. If longer runs are made on
the surface, or if the submnarine has docked and taken
on supplies, larger errors may arise. For this reason
submarines commonly make a dive to establish trim
soon after leaving port, and repeat the procedure at
least daily while cruising or on patrol.

12.1 THEORY OF RESUBMERGENCE

The difficultics which arise as the result of hydro-
graphic factors may best be discussed after consider-
ing the general theory of resubmergence.

Let W, = weight of submarine exclusive of main
ballast water.

w = weight ol main ballast water.
V = displacement of submarine.

v = displacement of main ballast water.

p? = density of water surrounding submarine
at periscope depth at point A, where
original trim cbtains.

pb = demnsity of water surrounding submarine
at periscope depth at point B, where trim
is desired on resubmergence.

p?/® = density of water in main ballast tanks at
point A.

pt/ = density of water in main baslast tanks at
point B.

It is desired to find AW, the change in ballast re-
quired to establish trim at periscope depth at point B.

At point A where trim obtained at periscope depth
before surfacing:

W, + vpt/v = Vpo. )

At point B alter submerging to periscope depth, good
trim will obtain when:

AW + Wy + vpb/v = P'pb, 2)

Subtracting (1) {rom (2):

A])V — V(pb — pu) — U(pl’/"' — pa/vw)_ (3)

The ballast adjustment required to compensate for
the change iu density of the water between the point
ol surfacing and resubmergence depends upou the
change in density of the water at periscope depth and
the difference in density of the water in the main
ballast tanks before surfacing and after resubmerg-
ence. The practicability of applying the rclation
shown in equation (8) depends on the kind ol hydro-
graphic conditions which may be encountered.

122 RESUBMERGENCE WHEN VERTICAL
DENSITY GRADIENTS ARE SMALL

When density gradients present between the sur-
face and periscope depth at both the point of surfac-
ing and resubmergence are small or absent, the den-
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sity of water in the ballast tanks will be practically
the same as that surrounding the vessel, and equation
(3) may be written:

AW = (V — 0)( — p*). )

Furthermore, measurement of the density of *he sur-
face water may be used as the value of p?, the density
at periscope depth at the point of submergence. The
surface density at the point of surfacing may also be
substituted for p¢, the density at periscope depth,
though this value can be measured from the sub-
merged submarine.

When these simplifications are permissible, the
following formula inay be used in compensating for
changes in the density of the water encountered by a
submarine of 2,400 tons submerged displacement
while cruising on the surface.

AW = 4x105Ap.

This formula assumes that the ballast water displaces
one-fourth the displacement of the submerged sub-
marine. It means that 4,000 pounds of ballast should
be flooded for each increase in density of 0.001.

When the absence of density gradients near the
surface permits the use of the foregoing rule, it may
be useful to determine the density of the water with a
hydrometer, especially when the horizontal density
change is large. A submarine has reported that in
passing through the Panama Canal, where the differ-
ence in density on the two sides is about 0.002, the
hydrometer predicted exactly the compeusation re-
quired for resubmergence. A submarine equipped
with the CX JC buoyancy recorder has found the indi-
cations of this instrument helpful in compensating
for the difference in density between Long Island
Sound, where trim dives were made, and the more
saline water encountered in offshore test areas. On
the other hand, observations made in the course of
daily trim dives during a cruise from New London to
Panzma indicated that errorsin estimating the weight
change of the submarine due to consumption of fuel
and stores during a 24-hour run were larger than the
corrections for the changing density estimated from
hydromecter readings, and consequently no advantage
was gained from these corrections.

1t is not reliable o estimate the change in density
from the temperature of the surface waters, because

horizontal density gradients are more likely to result
from salinity differences than from temperature.

123 RESUBMERGENCE WHEN VERTICAL
DENSITY GRADIENTS ARE LARGE

If the density of the water changes markedly be-
tween the surface anc neriscope depth, the simplified
rule discussed above is not reliable, particularly if the
gradient is great at the point of resubmergence. All
the terms in equation (8) are significant and should
be evaluated to secure a dependable prediction. Un-
fortunately it is not practical to do this.

The density of the water at periscope depth at the
point of surfacing, p¢, can be measured from the sub-
marine before it surfaces, but there is no convenient
way of evaluating p?, the density of the water at peri-
scope depth where trim is desired after resubmerging.
This could be determined with an instrument such as
the surface vessel bathythermograph which could be
lowered from the surfaced submarine. It has not
seemed desirable to resort to this procedure which
would add another item to submarine equipment.
The water which will fill the main ballast tanks on
resubmergence enters the tanks at a depth of about 15
feet. The density of this water, p®/*, can be obtained
with sufficient accuracy from a suitable water line
while the submarine is surfaced. The density of the
water which is in the main ballast tanks before sur-
facing, pe/v, is more difficult to evaluate. If the sub-
marine has been at periscope depth for somne time,
and the density gradient is due largely to temperature
effects, the water in the main ballast tanks may be
assumed to be in thermal equilibrium with the sur-
rounding sea water and its density may be taken as
the same as p¢, the density at a depth of, for example,
55 feet. On the other hand, if the submarine has re-
cently submerged, as will be the case if the usual trim
dive is made in the course of a cruise, the water in the
main ballast tanks will be similar to that at about 15
fect below the surface.

These uncertainties, particularly the difficulty in
determining the density at periscope depth in ad-
vance of submerging, make it impossible at present
to predict the correct ballast compensations under
the very conditions in which difficulty is most likely
to be encountered.

Submarines should be particularly cautious when
resubmerging in the water of low density which is

found along coasts where the surface sea water is di-
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luted with ri- r water. In sueh situations very strong
salinity gradients often occur between the surface and
periseupe depth. If 2 subrarine, which has surfaced
after obtaining trim offshore, enters such an area and
attempts to compensate its weight on the basis of
menwitemigiits O Use demsity of dlic water mont e
surface it will be too light when it descends into the
denser water beneath the surface. It will be in danger
of broaching when the negative tank is blown when
leveling off to come to trim. On such an occasion it
will be necessary to retain an excess of ballast in the
negative tank until a compensating amount of ballast
is flooded into auxiliaries.

The following rules have been developed to guide
a submarine which is in trim and measures the den-
sity of the water at periscope depth at the point of
surfacing and again determines its density at a depth
of about 15 feet at the point where it expects to
resubmerge.

1. When the density at i5 feet is greatcr than the
density at periscope depth at the previous point of
surfacing, the submarine will be light if it dives unless
additional ballast is flooded. It is advisable to run
with the boat heavy.

2. When the density at 15 feet is the same as the
density at periscopc depth at the previous point of
surfacing, the submarine may be light or in triin if it
dives. It may be advisable to run with the boat heavy.

3. When the dcensity at 15 fect is less than the den-
sity at periscopc depth at the previous point of sur-
facing, diving conditions arc unpredictable. Where
there is a strong temperature or salinity gradient at
shallow depths, difficulty may be encountered on sub-
mergence. Since conditions cannot be predicted at
periscope depth it may be advisable to go down: on
the plancs at high speed, and to make ballast adjust-
ments according to the feel of the boat after greater
depths arc reached.

124 SUBMARINE SUPPLEMENTS AS AN
AID IN RESUBMERGENCE

It might be thought that the Submarinc Supple-
ments to  he Sailing Directions could givc useful in-
formation on the density gradienis cxisting between

the surface and periscope depth and that this infor-
mation could be used in estimating the ballast ad-
justments required for resubnrergence. Unfortun-
ately in the situations where these strong gradients
occur, the conditions are likely to be very variable.
Uuanitisavise i dormeation eomicyoertly emdia be
given. For example, a study of the problems of re-
submergence in the Yellow Sea, made by the Scripps
Institution of Oceanography, has shown that for re-
submerging after a run between two stations 10 miles
apart, the ballast compensation estimated according
to equation (3) was as follows:

August 11, 1932......ccwren. Flood 1,500 pounds
August 9, 1935..............Flood 16,000 pounds
August 1, 1934.....cee. Flood 750 pounds
August 17-18, 1935 ............Pump 3,875 pounds

This variability makes it impossible to furnish sub-
marines with quantitative predictions for resubmerg-
ence conditions in such areas as the Yellow Sea.

The earlier editions of the submarine supplements
contained maps showing the horizontal distribution
of density in the sea’s surface, which were intended to
indicate whether important changes in buoyancy
would be encountered following a surface run. These
charts have been omitted from later editions because
it appeared that such changes did not occur in large
areas of the ocean and because of the difhiculty in
taking account in a quantitative way of the effects of
the vertical density gradients. Sincc submarines can-
notsecure the needed information lor themselves it is
important that the supplements continue to supply
the besi advice possible for resubmergence. It should
at least be possible to show:

1. The areas and seasons where no compcnsation
is rcquired for horizontal changes in density.

2. The areas and scasons where compensation may
be made on the basis of measuremcents of surface
density because of the absence of vertical density
gradients.

3. The areas and scasons where strong vertical
density gradients are likely to create difficulty in

‘resubmergence.
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BALANCING. Allowing a stationary submarine to float in a
density laver. L

BOURDON TUBE. A flattened curved tube which tends to
straighten out uuder internal pressure, used as the driving
element in pressure and temperature gauges.

BT. Bathythermograph,

BUOYANCY. As used iu this volume, the net buoyancy, or the
difference between the weight of the water displaced by a
vessel and the weight of the vessel.

COMPRESSION. A coeflicient expressing, in pounds per hun-
dred feet, the combined effect on snbmarine buoyancy of the
compressions of sea water and of the vessel with increasing
depth. It is always negative iu value.

DENSITY GRADIENT. Change in density with depth.
DENSITY LAYER. A layer of water in which density increases

with depth enough to increase the buoyancy of a sulsmarine.
(Submariner’s term for a density gradient.)

ISOBALLAST LINES. A set of lines, on the SBT chart, start-
ing from a set of selected points on the temperature scale and
passing through all points for which the net change in buoy-
ancy, resulting froin changes in water tempera:ure aud depth,
is zero for a submarine of a given comnpression.

SALINITY. Number of grams of salt per thousand grams of sea
wai ~ ally expressed in parts per thousand.

SALIN: {1 GRADIENT. Change in salinity with ﬁepth, ex-
pressed in parts per thousand per foot.

SBT. Submarine bathythermograph.

STABILITY. The resistance to overturn or mixing of the water
column, resulting from the presence of a density gradient.

STOP TRIM. The condition of trim, when net buoyancy is
zero, whereby a stationary submarine can maiutain its depth.

TEMPERATURE GRADIENT. Change of temperature with
depth, expressed in degrees F per foot.

THERMOCLINE. A layer of water in which temperature de-
creases with depth; a negative temperature gradient.

TRIM. The adjustment of submarine buoyaucy.
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